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Report  of 
the  President 


The  health  and  well-being  of  a  people  is  influenced  in  many  ways  by 
material  aspects;  but  it  is  largely  determined  by  spiritual  values  and 
attitudes.  A  society  that  is  torn  by  dissension  and  determined  to  be  unhappy 
will  be  unhealthy  despite  any  amount  of  wealth.  The  average  citizen  enjoys 
much  better  food,  clothing,  shelter,  and  health  than  did  his  forebears. 
Nevertheless,  many  of  our  people  are  unhappy.  We  have  experienced  a 
decade  in  which  so-called  intellectuals  have  labored  diligently  to  discover 
and  proclaim  reasons  for  discontent.  In  their  labors  they  have  been  signally 
assisted  by  the  mass  media  which  historically  have  found  that  disaster  and 
disorderly  behavior  are  far  more  salable  than  normal  activity. 

An  important  area  in  which  most  people  do  not  have  adequate  knowledge 
or  experience  to  form  sound  judgment  is  in  matters  having  a  high  scientific 
or  technological  content.  They  have  little  basis  for  deciding  what  can 
reasonably  be  expected  from  science  and  technology,  and  their  attitude 
often  veers  from  regarding  scientists  as  miracle  men  to  seeing  them  as 
creatures  of  the  devil.  Correspondingly,  public  opinion  on  technological 
matters  is  volatile  and  shifts  between  admiration  and  condemnation. 

One  of  the  most  difficult  tasks  facing  a  society  or  an  individual  is  to 
form  a  reasonably  accurate  estimate  of  potential  role.  Ambition  and  some 
discontent  with  the  status  quo  are  signs  of  health.  But  one  of  the  worst 
traps  that  an  individual  or  a  society  can  fall  into  is  that  of  excessive 
expectations. 

Society's  judgment  has  been  inaccurate  in  its  expectations  with  respect  to 
science  and  technology.  Achievements  during  World  War  II  and  after  con- 
ditioned our  people  to  assuming  that  we  were  guaranteed  perpetual  world 
leadership.  The  successful  Apollo  landing  gave  dramatic  impetus  to  this 
belief  and  led  to  the  widely  adopted  view  that  "if  we  can  go  to  the  moon 
we  can  do  anything."  Soon  after  the  lunar  landing,  the  response  to  the 
Apollo  triumph  took  on  a  sour  tinge.  "If  we  can  go  to  the  moon,  why  don't 
we" — fix  our  cities,  improve  transportation,  eliminate  poverty,  or  clean  up 
pollution. 

The  attitude  of  being  able  to  achieve  everything  carried  over  into  legisla- 
tion affecting,  for  example,  our  approach  to  health  in  the  form  of  the  ex- 
panded cancer  program.  The  attitude  has  also  affected  our  policies  with 
respect  to  foods,  drugs,  and  the  environment. 

Actually  even  before  the  Apollo  triumph,  it  was  becoming  clear  to  some 
that  the  United  States  was  losing  its  competitive  edge  in  science  and  tech- 
nology. The  European  countries  have  long  had  a  tradition  of  excellence  in 
science.  Once  they  had  recovered  from  the  damage  of  World  War  II,  they 
began  again  to  display  some  of  their  intellectual  potential.  At  the  same 
time,  they  worked  diligently  to  improve  their  technology,  adapting  many  of 
the  best  American  methods.  In  this  they  were  joined  by  the  Japanese,  who 
both  adapted  and  improved  on  existing  methods.  Our  superior  position  in 
technology  has  eroded.  This  is  especially  demonstrated  in  our  decreased 
ability  to  compete  in  international  trade.  During  the  early  1960s  we  en- 
joyed a  very  favorable  balance  of  trade,  which  was  largely  based  on  our 
exports  of  high  technology  items.  Recently  imports  have  increased  faster 
than  exports,  and  currently  there  is  a  deficit  in  trade  despite  the  devaluation 
of  a  year  ago.    A  continuation  of  current  trends  seems  likely,  for  there  is 
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no  substantial  basis  for  hoping  for  an  improvement  in  our  ability  to  com- 
pete technologically.  That  is  not  to  say  that  the  matter  is  hopeless.  Rather 
we  have  not  done  much  in  an  organized  way  about  it.  There  have  been 
some  small  stirrings  in  the  Office  of  the  President's  Science  Adviser,  but  few 
others  have  joined  him.  One  major  factor  that  could  be  improved  is  in  the 
cooperation  of  government  with  business.  In  that  sphere  we  could  take  a 
few  lessons  from  the  Japanese  and  French.  A  second  matter  that  needs 
improving  is  the  interface  between  academia  and  industry.  For  decades 
universities  have  indoctrinated  many  of  their  graduate  students  in  the 
belief  that  industrial  employment  is  demeaning.  A  more  cooperative  atti- 
tude on  the  part  of  universities  would  be  helpful. 

The  environment  is  another  important  area  in  which  lack  of  public  under- 
standing of  science  and  technology  has  led  to  questionable  judgments.  The 
average  citizen  can  easily  make  a  decision  as  to  whether  a  pulp  mill  stinks 
or  his  eyes  water  from  smog.  In  trying  to  gauge  the  possible  toxicity  of 
chemicals  that  he  can  not  see,  taste,  or  smell,  he  has  little  to  go  on.  Many 
people  are  predisposed  to  acceptance  of  the  view  that  irresponsible  devils  are 
trying  to  poison  them.  They  have  been  encouraged  in  this  belief  by  environ- 
mental zealots. 

There  have  been  scare  headlines  about  running  out  of  oxygen,  choking 
to  death  on  pollution,  mercury  poisoning  from  tuna,  toxicity  of  DDT,  and 
many  more.  The  mass  media  have  given  great  play  to  almost  any  shaky 
claim  of  an  environmental  hazard.  When  there  is  a  problem  such  as  that  of 
mercury  release,  the  story  is  headlined.  When  the  problem  is  cured  or 
proven  to  be  nonexistent,  little  or  no  attention  is  given.  The  average  citizen 
learns  of  potential  hazards.  He  is  rarely  informed  of  constructive  measures. 

The  overwhelming  majority  of  the  American  people  are  determined  that 
various  forms  of  pollution  shall  be  abated,  and  rightly  so.  The  question 
arises,  though,  how  far  down  this  path  do  we  go.  There  are  those  who  de- 
mand that  no  emissions  or  effluents  be  permitted.  This  is  unrealistic.  If 
no  man  lived  on  earth,  the  air  and  water  would  still  contain  materials  we 
call  pollutants.  The  quantities  of  sulfur  put  in  the  air  from  natural  sources 
exceed  those  coming  out  of  stacks.  Vast  quantities  of  carbon  monoxide  are 
released  by  microorganisms,  and  nitrogen  is  present  as  ammonia.  In  addi- 
tion, nitrogen  oxides  are  formed  by  lightning  discharges.  Natural  radio- 
activity is  everywhere,  and  in  amounts  far  greater  than  that  due  to  man- 
devised  atomic  energy.  Trace  elements  such  as  arsenic  and  mercury  have 
always  been  present  in  river  waters,  sometimes  in  heavy  concentrations. 
We  could  not  be  entirely  free  of  pollution  even  if  we  were  willing  to  pay 
huge  sums  for  it. 

Those  dealing  with  abatement  report  that  cost  is  sharply  dependent  on 
the  degree  of  clean-up  demanded.  That  is,  they  find  that  abating  the  first 
50  percent  is  usually  not  very  costly ;  after  that  costs  escalate.  After  the  90 
percent  level  is  reached,  it  often  costs  as  much  to  achieve  a  further  5  percent 
as  it  did  to  get  the  first  50  percent.  Perfection  is  impossible,  and  the  last 
steps  toward  it  are  extremely  costly. 

It  is  clear  that  we  are  going  to  spend  substantial  sums  in  an  effort  to 
improve  the  environment.  The  Council  on  Environmental  Quality  has 
estimated  that  the  bill  will  come  to  $300  billion  for  this  decade.  They  point 
out  that  this  is  only  a  small  fraction  of  the  gross  national  product.    This 
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argument,  however,  neglects  many  secondary  effects,  such  as  a  further 
change  in  our  ability  to  compete  internationally  and  substantial  disruption 
in  our  methods  of  obtaining  energy.  Already  we  are  experiencing  a  deepen- 
ing energy  crisis  with  much  more  trouble  likely  and  a  drastic  increase  both 
in  the  cost  of  energy  and  in  the  imports  of  foreign  oil. 

For  individual  companies  the  impact  is  great.  Some  report  that  a  sub- 
stantial fraction  (as  much  as  half)  of  their  capital  expenditures  next  year 
will  be  devoted  to  pollution  control.  These  expenditures  produce  no  revenue, 
and  indeed  the  abatement  equipment  will  require  continuing  maintenance. 
All  these  costs  will  be  passed  on  to  the  consumer. 

The  most  important  impact  of  our  determination  to  enjoy  an  improved 
environment  has  been  on  the  production  and  consumption  of  energy.  Prin- 
cipal uses  of  energy  are  in  transportation  (automobiles) ,  electricity,  home 
heating,  and  industrial  processing.  Concern  about  sulfur  dioxide  pollution 
has  led  to  increased  demand  for  fuels  low  in  sulfur,  notably  natural  gas 
and  desulfurized  fuel  oil.  It  has  led  to  a  sharp  decline  in  the  use  of  coal 
along  the  Atlantic  seaboard.  The  increased  demand  for  petroleum  products 
has  come  at  a  time  when  this  country  no  longer  has  sufficient  oil  production 
capacity  to  meet  its  needs.  Our  dependence  on  foreign  sources  is  now  rapidly 
expanding.  Prospects  are  that  during  the  next  few  years  at  least,  it  will 
continue  to  expand.  This  will  be  due  to  a  persistent  growth  in  use  of  energy, 
further  conversion  of  power  plants  from  coal  to  oil,  and  an  increase  in  de- 
mand for  motor  fuel.  This  latter  will  reflect  the  fact  that  the  new  models 
with  pollution  control  consume  more  fuel  than  their  predecessors. 

When  we  seek  to  increase  imports  of  petroleum  and  liquified  natural  gas, 
we  find  ourselves  in  competition  for  available  supplies.  The  burgeoning 
economies  of  Europe  and  Japan  are  in  even  greater  need  of  oil  than  we. 
These  competing  needs  have  been  obvious  to  the  oil  producing  and  exporting 
countries,  and  they  have  not  been  slow  to  take  advantage  of  a  seller's 
market.  During  the  last  few  years  the  tempo  of  upward  price  adjustments 
has  increased.  The  current  doubling  time  for  return  per  barrel  to  the  oil 
producing  and  exporting  countries  is  two  to  four  years.  If  present  trends  in 
our  oil  demand  continue,  authorities  estimate  that  by  1985  we  will  be  import- 
ing 10  to  15  million  barrels  of  oil  a  day.  Our  increased  demand  and  that  of 
Europe  and  Japan  would  give  the  oil  producers  more  leverage  even  than 
they  have  now.  Simple  extrapolation  of  current  trends  suggests  that  the 
price  of  oil  could  quadruple  by  1980.  At  present  prices  the  cost  would  be 
about  $15  billion  dollars,  but  with  escalation  it  could  be  as  much  as  $60 
billion.  This  is  a  sum  greater  than  the  value  of  our  present  total  worldwide 
exports. 

Production  would  come  largely  from  a  few  countries  of  the  Middle  East, 
notably  Saudi  Arabia  and  Iran.  How  would  we  pay  for  the  oil?  Of  necessity 
this  would  be  by  exporting  goods.  But  we  would  be  in  competition  with 
Europe  and  Japan,  which  would  likewise  be  trying  to  import  oil  and  sell 
goods.  The  capacity  of  the  Saudi  Arabians  to  utilize  goods  is  limited.  Who 
will  get  the  oil  and  how  much  will  they  pay? 

In  one  sense  the  year  1985  seems  far,  far  away.  But  in  terms  of  the  time 
required  for  development  of  new  technology  and  the  construction  of  plants, 
the  time  is  short. 
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In  addition  to  pushing  us  toward  a  dangerous  dependence  on  foreign 
sources  of  petroleum,  the  environmental  standards  are  leading  to  sharply- 
increased  costs  for  energy.  For  example,  one  effect  has  been  to  encourage 
demand  for  natural  gas  because  of  its  nonpolluting  characteristics.  Until 
recently,  the  cost  of  a  thousand  cubic  feet  (Mcf)  of  natural  gas  in  Texas 
was  less  than  20  cents.  New  contracts  are  being  made  at  40  cents  per  Mcf 
and  plans  are  being  made  to  import  the  gas  from  Algeria  at  a  cost  of  about 
$1.00  per  Mcf. 

Higher  costs  of  energy  will  be  reflected  in  every  aspect  of  the  economy 
and  in  the  cost  of  every  object  that  the  consumer  buys.  In  a  few  years  his 
heating  bills  will  double  or  worse  and  costs  of  other  forms  of  energy  will 
rise. 

In  their  enthusiasm  for  environmental  perfection,  proponents  have  ap- 
parently assumed  that  great  improvements  can  be  obtained  without  cost  to 
society.  Moreover,  some  seem  to  assume  that  endless  lawsuits  and  delays 
will  affect  only  the  particular  companies  involved.  It  is  not  possible  to 
foresee  all  the  ramifying  effects  of  our  environmental  program,  but  it  is 
evident  that  costs  will  be  far  greater  than  the  public  dreams.  The  costs 
will  hit  everyone,  and  especially  the  poor.  Our  national  security  is  being 
placed  in  jeopardy.  The  tensions  arising  from  an  arbitrary  cut-off  of  fuel 
oil  supplies  at  the  beginning  of  a  heating  season  are  not  pleasant  to  con- 
template. 

We  are  going  to  pay  a  high  price  for  improvements.  What  will  we  get? 
Two  types  of  benefits  have  been  cited — better  health  and  better  quality  of 
life. 

In  spite  of  the  scare  headlines,  it  would  be  difficult  to  prove  that  any  more 
than  a  minor  fraction  of  our  people  had  suffered  more  than  minimal  effects 
from  pollution.  True,  some  annoyance,  as  in  smog,  but  not  real  damage.  A 
perusal  of  the  documents  on  which  our  air  pollution  standards  are  based 
indicates  that  this  evidence  is  flimsy.  The  documented  cases  where  air  pollu- 
tion has  increased  morbidity  are  few.  As  a  rough  estimate,  the  injuries  and 
lethal  effects  of  automobile  accidents  have  been  10  to  100  times  as  damaging 
as  those  due  to  pollution. 

To  get  additional  perspective,  consider  the  air  pollution  associated  with 
cigarette  smoking.  Carbon  monoxide,  a  major  component  of  auto  exhaust, 
is  also  a  major  component  of  cigarette  smoke.  Our  present  national  stand- 
ard for  permissible  concentration  of  carbon  monoxide  is  9  ppm  (parts  per 
million).  This  level  is  not  to  be  exceeded  for  more  than  8  hours  once  a 
year.  The  carbon  monoxide  content  of  cigarette  smoke  is  more  than  20,000 
ppm.  A  chain  smoker  and  his  associates  are  daily  subjected  to  more  than 
the  national  standards.  Similar  remarks  apply  to  the  nitrogen  oxides  and 
particulate  matter.  The  health  effects  of  smoking  far,  far  exceed  anything 
that  can  be  attributed  to  pollution. 

We  will  continue  efforts  to  abate  pollution,  and  we  should  continue  those 
efforts.  However,  it  is  time  to  consider  more  judiciously  costs  and  benefits 
and  to  recognize  that  the  costs  will  be  higher  than  had  been  estimated  and 
the  health  benefits  not  so  great  as  imagined. 

As  for  quality  of  life,  there  will  be  improvements  perceptible  to  some,  but 
most  people  will  not  notice  benefits.    Kenneth  Boulding  has  commented, 
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"The  environment  is  a  luxury  of  the  Sierra  Club."   This  is  an  exaggeration, 
of  course,  and  perhaps  intended  to  be.  But  it  has  a  kernel  of  truth. 

In  future,  science  and  technology  will  play  an  even  greater  role  in  our 
lives.  The  centralizing  power  in  government  means  that  many  great  deci- 
sions involving  technology  will  be  made  by  politicians.  For  the  most  part, 
politicians  are  followers,  not  leaders.  Politicians  are  sensitive  to  the  winds 
of  public  opinion.  If  the  government  is  to  make  wise  decisions,  it  will  be 
necessary  for  the  public  to  make  better  judgments.  And  it  is  especially 
necessary  that  the  public  understand  some  of  the  limitations  of  technology. 
We  can't  have  everything.  We  can't  do  everything,  and  what  we  can  do 
usually  takes  a  long  time. 


The  Year  in  Review 

THE  HALE  OBSERVATORIES 

Studies  extending  from  the  solar  system  to  the  far  reaches  of  the  universe 
have  enjoyed  a  remarkable  period  of  stimulus  and  attention.  In  the  past 
quarter  century,  earth-based  optical  astronomy  has  been  supplemented  by 
radio  astronomy  and  by  observations  from  rockets  and  space  vehicles.  The 
performance  of  image  tubes  and  related  electronic  devices  has  been  strik- 
ingly improved.  Many  of  the  most  able  theoretical  physicists  have  turned 
to  astrophysical  studies.  The  sensitivity  and  noise  level  of  infrared  detec- 
tors have  been  improved  to  facilitate  measurements  on  important  parts  of 
the  infrared  spectrum. 

Opportunities  for  the  Hale  Observatories  thus  have  been  greatly  enriched. 
The  Pasadena  community  in  which  the  Observatories  have  headquarters 
has  been  in  the  thick  of  these  new  developments.  The  Institution  joins  with 
the  California  Institute  of  Technology  in  the  operation  of  the  Hale  Observa- 
tories. Institution  astronomers  also  benefit  from  association  with  other 
related  activities,  such  as  studies  of  nucleogenesis  and  relativistic  astro- 
physics being  carried  on  at  Caltech,  as  well  as  operations  of  the  Owens 
Valley  Radio  Observatory.  In  this  association  one  of  the  great  assets  is 
strength  in  development  of  equipment  and  instrumentation.  This  is  being 
manifested  in  devices  for  data  acquisition  at  the  200-inch  Hale  Telescope 
as  well  as  in  the  design  and  fabrication  of  the  new  Irenee  du  Pont  101-inch 
telescope  for  the  Las  Campanas  Observatory  in  Chile.  It  is  also  evident  in 
the  activities  of  the  staff. 

The  quantities  of  new  data  now  being  recorded  and  analyzed  are  massive 
compared  with  those  of  twenty  years  ago.  The  situation  reflects  the  import- 
ance of  sophisticated  photoelectric  detectors  and  digital  data  acquisition 
systems  that  have  greatly  increased  the  efficiency  of  astronomical  observa- 
tions. Precise  photometry  and  spectroscopy  of  extremely  faint  galaxies  and 
quasars  are  yielding  important  new  knowledge  of  the  distribution,  velocities, 
physical  constitution,  and  history  of  the  basic  constituents  of  the  universe. 

But  even  as  these  results  are  reported,  more  effective  instrumental  sys- 
tems are  being  demonstrated  for  the  first  time.  Within  reach  are  video 
systems  that  will  respond  digitally  to  individual  photons  and  accumulate 
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counts  over  a  broad  band  of  wavelengths.  These  high-resolution  two-dimen- 
sional image  photometers,  now  in  the  stage  of  initial  application  to  tele- 
scopes, illustrate  the  rapid  evolution  that  is  occurring  in  the  ability  of  the 
observational  astronomer  to  collect  quantitative  physical  data  from  vast 
numbers  of  remote  galaxies  until  recently  beyond  the  limits  of  observation. 
Within  sight  is  the  ability  to  extend  image  photometry  with  large  telescopes 
to  levels  of  faintness  several  magnitudes  below  the  uniform  glow  of  the 
night  sky  and  zodiacal  light. 

New  instrumentation  has  facilitated  obtaining  new  information  about 
the  composition  of  stars,  information  that  will  affect  our  view  of  nucleo- 
genesis.  When  objects  from  the  solar  system  are  examined,  isotopic  abun- 
dances are  found  to  be  relatively  uniform.  Preston,  Vaughan,  White,  and 
Swings  have  made  observations  that  indicate  drastic  shifts  in  the  relative 
abundance  of  mercury  isotopes  in  some  stars.  They  chose  to  examine  a  class 
of  objects  known  as  Hg-Mn  stars.  These  stars  lie  on  the  upper  main 
sequence  and  possess  temperatures  in  range  from  10,000°  to  15,000°K.  They 
are  characterized  by  unusually  great  abundances  of  such  elements  as  P, 
Mn,  Ga,  Xe,  Pt,  and  Hg.  When  the  Hg  II  A3984  line  was  measured  on 
nearly  300  spectrograms  from  30  stars,  the  average  measured  wavelengths 
for  individual  stars  ranged  from  3983.93  to  3984.06  A  with  standard  devia- 
tions of  ±0.01  A.  The  upper  and  lower  limits  of  this  range  correspond 
approximately  to  the  wavelength  of  A3984  for  mercury  isotopes  201  and  204. 
These  observations  bespeak  a  shift  due  to  an  isotope  effect  with  a  change  of 
as  much  as  perhaps  a  factor  of  50  in  isotope  abundance. 

The  stellar  content  and  chemical  history  of  blue  galaxies  were  further 
investigated  by  Sargent  and  Searle.  They  obtained  spectrograms  and  photo- 
electric scans  of  eighteen  dwarf  emission-line  galaxies  in  which  the  inter- 
stellar medium  is  thought  to  be  deficient  in  oxygen  and  neon  with  respect  to 
hydrogen  and  helium,  an  indication  that  all  elements  heavier  than  hydro- 
gen and  helium  are  deficient.  Calculations  of  the  integrated  colors  of  stellar 
systems  as  a  function  of  their  age  and  history  of  star  formation,  described 
last  year,  have  been  extended  to  compute  the  colors  of  galaxies  experi- 
encing fluctuations  in  the  rate  of  star  formation.  Comparison  of  the  results 
of  such  calculations  with  the  colors  of  blue  galaxies  shows  that  most  of 
these  have  ages  of  > — 1010  years  and  that  they  have  experienced  an  approxi- 
mately constant  rate  of  star  formation.  Such  stability  is  to  be  expected  only 
where  the  gas  supply  has  not  yet  been  seriously  depleted.  Thus  it  can  be 
understood  why  blue  galaxies  are  metal-poor  and  why  galaxies  that  have 
nearly  exhausted  their  gas  supply  will  be  both  red  and  metal-rich. 

Another  type  of  observation  made  possible  by  improved  equipment  is 
measures  in  the  infrared.  The  diameter  of  the  red  variable  star  R  Leonis 
was  measured  in  the  infrared  by  Neugebauer,  Becklin,  Clough,  and  Toombs. 
Taking  advantage  of  an  occultation  of  the  star  by  the  moon,  they  made 
observations  with  three  telescopes  at  Mount  Wilson  at  wavelengths  of  3.5, 
4.8,  and  11  microns.  Observations  at  the  two  shorter  wavelengths  are  con- 
sistent with  a  disk  diameter  of  0.05  arc  sec,  as  predicted  from  the  measured 
effective  temperature  and  luminosity  of  the  star.  At  11  microns,  the  occulta- 
tion measurements  show  that  the  radiation  originates  from  an  area  0.3  arc 
sec  in  diameter,  thus  supporting  the  concept  of  thermal  emission  from  a 
cloud  of  dust  particles  surrounding  the  star. 
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Twenty-nine  supernovae  were  discovered  at  Palomar  during  the  report 
year.  One  of  these,  found  by  Kowal  in  the  dwarf  irregular  galaxy  NGC 
5253,  was  of  magnitude  8.5,  the  brightest  to  have  been  found  since  1937  and 
the  fourth  brightest  in  modern  times.  An  analysis  of  the  results  of  the  Palo- 
mar supernova  search  since  1958  was  begun  by  Sargent,  Searle,  and  Kowal. 
The  search  fields  contain  3003  galaxies  brighter  than  magnitude  15.7  and, 
in  these,  47  supernovae  have  been  found  at  Palomar  and  16  at  other  observa- 
tories. For  galaxies  brighter  than  11th  magnitude,  it  was  found  that  the 
supernova  rate  is  one  every  seventeen  years,  close  to  the  rate  of  one  every 
ten  years  for  Sc  I  galaxies  estimated  by  Tammann. 

It  has  been  remarked  more  than  once  that  there  seem  to  be  certain  phys- 
ical properties  relating  quasars,  N  galaxies,  Seyfert  galaxies,  and  more 
ordinary  galaxies,  the  primary  factor  being  the  degree  of  quasarlike  activity 
in  the  galactic  nucleus.  If  this  is  true,  it  provides  support  for  the  cosmo- 
logical  distances  of  quasars  while  suggesting  that  many  of  these  objects, 
upon  careful  examination,  may  turn  out  to  be  nuclei  of  galaxies  as  yet  unde- 
tected. Of  the  first  four  selected  quasars  examined  by  Kristian,  two  clearly 
show  underlying  galaxies  that,  by  reason  of  their  relative  faintness,  are 
difficult  to  detect  by  conventional  photography.  The  use  of  two-dimensional 
video  photometry  offers  much  promise  in  this  direction. 

The  conclusion  that  a  Seyfert  galaxy  is  one  that  has  a  quasar  in  its  nucleus 
was  reached  by  Oke,  Neugebauer,  and  Searle  upon  completion  of  a  detailed 
study  of  eighteen  representative  Markarian  galaxies.  For  several  classical 
Seyfert  galaxies  in  this  group,  the  investigators  found  that  the  integrated 
spectrum  consists  of  three  components.  These  are  the  integrated  light  of 
stars,  the  line  emission  from  a  gas,  and  emission  both  in  permitted  lines  and 
in  a  nonthermal  continuum  from  a  third  component  that  closely  resembles 
a  typical  quasar. 

In  observing  quasars  of  increasing  redshift  (longer  light- travel  times) 
objects  are  sampled  at  earlier  stages  in  the  expansion  of  the  universe.  Only 
a  very  few  observed  quasars  have  redshifts  larger  than  2.5,  a  number  that 
refers  to  an  epoch  only  about  1  to  2  billion  years  after  the  start  of  the  uni- 
versal expansion.  Schmidt  finds  that  the  density  of  quasars  in  co-moving 
space  increases  very  rapidly  as  we  look  back  in  time  (or  measure  larger 
redshift)  as  far  as  z  =  2.5.  The  co-moving  space  density  of  quasars  may  be 
simply  expressed  as  proportional  to  105T.  In  this  expression  t  is  the  lookback 
in  time  in  terms  of  the  age  of  the  universe  as  the  unit.  In  other  words,  the 
space  density  of  quasars  was  perhaps  20  thousand  times  greater  when  the 
universe  had  an  age  of  1  to  2  billion  years  than  it  is  now  at  an  age  of  10  to 
15  billion  years. 

This  year,  Sandage  completed  and  reported  two  major  programs  in  the 
field  of  observational  cosmology.  They  are  based  on  photoelectric  observa- 
tions of  (a)  the  brightest  galaxies  in  clusters  and  (b)  radio  galaxies  and 
quasars.  Many  of  the  results  are  discussed  in  terms  of  the  Hubble  diagram 
for  galaxies.  The  diagram  relates  the  observed  redshift  z  to  the  apparent 
magnitude  m.  For  remote  galaxies  it  maps  the  kinematic  field  of  the  expand- 
ing universe  and  represents  the  "velocity  distance"  relation  in  terms  of 
directly  observable  parameters. 

The  first-ranked  elliptical  galaxies  in  clusters  are  remarkably  similar 
both  in  intrinsic  diameter  and  in  absolute  luminosity.    The  numerical  evi- 
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dence  for  the  tightness  of  these  relations  comes  from  measurements  on  photo- 
graphs of  fifty  clusters  and  groups  taken  with  the  48-inch  schmidt  and  with 
the  200-inch  telescope,  as  well  as  from  the  spectrograph  and  photometer. 
The  first-ranked  galaxies  are  sufficiently  similar  to  one  another  to  permit 
distinguishing  among  the  theoretical  curves  that  relate  angular  diameter 
and  redshift  of  galaxies  in  different  model  universes. 

The  Hubble  diagram  for  cluster  galaxies  is  remarkably  well  defined.  It 
follows  a  linear  distance  relationship.  The  dispersion  in  absolute  luminosity 
for  first-ranked  cluster  galaxies  is  only  0.25  magnitude.  Sandage  found  no 
dependence  of  absolute  magnitude  on  the  size  of  the  cluster,  nor  was  there 
any  evidence  for  intergalactic  absorption  in  the  observed  sample. 

If  there  is  a  random  noncosmological  redshift  Az  for  cluster  galaxies,  it  is 
distributed  so  that  the  dispersion  Az/z  <  0.1.  In  other  words,  it  is  very 
small.  The  analysis  sets  an  upper  limit  of  300  km  s"1  on  Az. 

If  the  observations  are  interpreted  in  terms  of  the  homogeneous  Fried- 
mann  model  universe,  the  deceleration  parameter  go,  calculated  by  Sandage 
from  his  data  on  forty-one  clusters,  is  close  to  +1.  Using  the  formal  value 
g0  =  +1,  and  H0  =  50  for  the  Hubble  constant,  one  finds  an  interval  of 
about  11  billion  years  since  the  expansion  started.  This  gives  substantial 
support  for  big-bang  cosmologies  because  it  is  close  to  the  age  of  our  own 
Galaxy. 

Sandage  made  a  separate  study  of  60  radio  galaxies,  100  quasars,  and  25 
radio-quiet  quasars  (QSO).  He  found  that  the  Hubble  diagram  for  radio 
galaxies  is  similar  to  that  for  the  first-ranked  cluster  galaxies  but  is  shifted 
to  the  faint  side  by  0.3  magnitude.  The  principal  conclusions  from  the 
radio-source  study  are  outlined  below. 

For  a  galaxy  to  be  a  strong  radio  source  it  must  be  among  the  most  mas- 
sive galaxies  known,  probably  in  the  range  1012  to  1013  solar  masses.  (The 
mass  of  our  own  Galaxy  is  1.1  X  1011  solar  masses.) 

The  Hubble  diagram  for  quasars  shows  them  to  be  scattered  to  the 
brighter  side  of  the  radio  galaxy  distribution.  This  is  compatible  with  a 
quasar  model  consisting  of  a  normal  strong  radio  galaxy  with  a  superposed 
nonthermal  component  of  nonspecific  optical  luminosity.  Such  a  model 
supports  the  view  that  quasars  are  at  their  cosmological  distance. 

Sandage  was  unable  to  identify  any  selection  effects  that  might  result  in 
an  apparent  limit  of  quasar  redshifts  near  z  =  3.  Acceptance  of  the  limit 
as  real  would  suggest  that  in  observing  the  quasars  with  the  largest  redshifts 
we  are  looking  back  in  time  to  the  limit  of  the  quasar  world.  In  other  words, 
we  are  looking  back  through  nine-tenths  of  the  time  that  has  elapsed  since 
the  big  bang. 

THE  GEOPHYSICAL  LABORATORY 

The  Geophysical  Laboratory  has  a  domain  for  study  that  includes  the 
interior  of  the  earth,  the  deep  ocean  bottoms,  the  oldest  rocks  on  earth, 
ancient  organic  matter,  and  the  moon  and  meteorites.  To  understand  the 
evolution  of  the  earth  and  solar  system,  the  Laboratory  examines  many 
specimens  from  the  field  and  conducts  physical-chemical  studies  on  model 
systems,  using  the  most  advanced  techniques. 
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For  some  years  Boyd  has  been  pursuing  a  series  of  studies  focused  on  the 
kimberlites  and  their  associated  diamonds.  These  rocks  presumably  orig- 
inate deep  in  the  mantle  of  the  earth  and  provide  clues  about  conditions 
prevailing  there.  Some  of  the  best  samples  of  rocks  existing  at  high  pressures 
in  the  mantle  are  xenoliths  erupted  in  kimberlite.  The  investigations  of 
Boyd  and  Nixon  and  of  Boyd  and  Dawson  show  that  there  are  two  markedly 
different  types  of  pyropic  garnets  in  kimberlites.  The  chrome-rich  garnet 
lherzolite  nodules  appear  to  be  xenoliths  of  mantle  rock,  depleted  in  more 
fusible  components  by  partial  melting  and  cooled  to  temperatures  in  the 
range  900°  to  1100°C  prior  to  incorporation  in  erupting  kimberlite.  On  the 
other  hand,  titanium-rich  garnets  associated  with  more  subcalcic  pyroxene 
or  with  ilmenite,  or  both,  show  a  wide  range  in  Mg/Fe  ratio  and  are  prob- 
ably a  product  of  igneous  fractionation.  The  clinopyroxenes  from  nodules 
in  kimberlite  form  in  three  different  composition  fields.  They  are  now 
interpreted  as  having  equilibrated  in  different  temperature  ranges  at  depth 
in  the  mantle  prior  to  eruption. 

One  of  the  mysteries  of  nature  is  a  varying  composition  of  lavas  pouring 
out  from  essentially  the  same  vent.  At  one  time  there  may  appear  large 
quantities  of  basalt  having  comparatively  low  silica  content.  In  another 
episode  the  magma  is  often  much  richer  in  silica.  Earlier  Yoder  and  Tilley 
suggested  that  this  phenomenon  could  be  due  to  variations  in  the  pressure 
at  which  the  magma  had  been  formed.  Kushiro  has  now  conducted  experi- 
mental studies  that  support  their  hypothesis.  He  has  shown  that  the  differ- 
ent magmas  can  be  formed  from  the  same  original  material  if  partial  melting 
occurs  at  different  pressures.  A  silica-poor  alkaline  basalt  may  be  formed 
at  high  pressures  (>20  kb)  from  a  natural  lherzolite,  but  tholeiitic  liquids 
are  formed  at  lower  pressures. 

The  magmas  spilling  onto  the  deep  ocean  floor  are  of  special  interest  be- 
cause they  are  not  likely  to  be  contaminated  by  crustal  rocks  and  therefore 
can  yield  information  on  the  nature  of  the  mantle.  Bryan,  a  guest  investiga- 
tor from  the  Woods  Hole  Oceanographic  Laboratory,  finds  a  great  chemical 
and  mineralogical  similarity  among  submarine  basalts  from  a  variety  of 
sea-floor  environments.  The  oldest  basalt  recovered  in  the  JOIDES  (Joint 
Oceanographic  Institutions  for  Deep  Earth  Sampling)  drilling  program  is 
almost  identical  with  modern  ocean  ridge  basalt.  Curiously  enough,  the 
textures  and  mineral  zoning  in  the  submarine  basalts  resemble  those 
reported  in  lunar  basalts.  Bryan  also  discovered  sector  zoning  in  plagio- 
clase — a  feature  yet  to  be  found  among  lunar  or  continental  lavas. 

A  variety  of  conditions,  including  the  collision  of  tectonic  plates,  can 
give  rise  to  hot  spots  in  the  earth's  crust.  Hot  springs  and  other  move- 
ments of  fluids  are  often  associated  with  them.  These  motions  can  lead  to 
important  geochemical  effects,  including  formation  of  ore  deposits.  In  many 
instances  the  fluids  interact  with  sedimentary  strata  and  produce  so-called 
skarn  deposits.  Usually  the  composition  of  the  original  fluid  is  unknown, 
but  nature  provides  many  clues  in  the  form  of  mineral  assemblages.  Using 
mineral  assemblages  observed  in  contact  metamorphosed  manganese  deposits 
and  in  Ca-Mn-Si  skarn  deposits,  Burt  has  deduced  a  decarbonation  sequence 
in  the  system  CaO-MnO-Si02-C02.  The  sequence  is  analogous  to  the  one 
proposed  last  year  ( Year  Book  70)  for  the  system  Ca-Fe-Si-C-0  but  differs 
in  that  most  of  the  reactions  involve  phases  that  are  solid  solutions. 
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In  a  study  of  sulfide-silicate  equilibria  in  Ca-Fe-Si  skarn  deposits,  Burt 
also  showed  that  the  reducing  conditions  associated  with  massive  heden- 
bergitic  clinopyroxene  in  skarn  zinc  deposits  could  lead  to  the  precipitation 
of  sphalerite  ore.  Burt  found  that  in  skarns  containing  abundant  wollaston- 
ite,  the  wollastonite  tends  to  react  with  ferric  iron  in  solution  to  form 
andraditic  garnet.  If  andradite  is  stable,  the  copper  and  zinc  ore  minerals 
coexisting  with  wollastonite  tend  to  be  low  in  iron. 

Using  a  simple  diamond  pressure  cell  that  permits  visual  observation  of 
effects  of  high  pressure,  Bell,  Mao,  and  Van  Valkenburg  earlier  were  able 
to  demonstrate  striking  increases  in  solubility  of  minerals  with  pressure. 
Mao  and  Bell  have  formulated  a  new  theory  that  explains  their  observed 
nonlinear  increase  in  aqueous  solubility  with  pressure  of  numerous  minerals. 
The  S-shaped  curve  of  solubility  as  a  function  of  pressure  for  gypsum  is 
also  predictable  by  the  new  theory.  Experimental  support  is  found  for  the 
field  deduction  that  minerals  tend  to  be  dissolved  in  zones  of  high  pressure 
and  reprecipitated  in  zones  of  low  pressure. 

Among  the  many  reasons  for  taking  part  in  the  exciting  inspection  of  lunar 
materials  is  the  unusual  frame  of  reference  that  the  products  of  lunar 
environment  provide  as  compared  to  that  of  terrestrial  rocks.  The  lunar 
rocks  are  devoid  of  water  and  have  not  experienced  weathering  processes. 
Bell  and  Mao  have  conducted  spectrometric  studies  to  investigate  the  state 
of  oxidation  of  elements  in  the  lunar  rocks.  They  obtained  polarized  spectra 
for  lunar  pyroxenes,  olivine,  and  plagioclase,  and  nonpolarized  spectra  for 
lunar  glass.  The  oxidation  states  of  iron  and  titanium  in  lunar  crystals 
were  determined  by  the  intensity  of  corresponding  absorption  bands.  The 
quenched  states  of  iron  and  titanium  act  as  indicators  of  the  chemical  his- 
tory of  the  crystallization  of  the  minerals  in  which  they  occur.  Spectral  and 
other  supporting  data  show  that  the  rocks  and  soils  returned  from  the 
Apollo  missions  have  crystallized  under  extremely  reducing  conditions. 
Lunar  glasses  are  also  chemically  reduced,  and  the  absorptions  due  to  iron 
and  titanium  cause  their  red  and  green  colors  and  influence  their  albedo 
properties.  Bell  and  Mao  also  measured  the  pressure  shift  of  crystal-field 
bands  of  divalent  iron  in  lunar  pigeonite.  The  results  suggest  that  pressure 
enhances  the  properties  of  thermal  transfer  by  radiation.  Thermal  radiation 
could  be  an  efficient  mechanism  for  heat  flow  in  the  lunar  interior. 

Most  of  the  year's  work  in  statistical  petrography  by  Chayes  was  con- 
cerned with  improving  the  data  library  and  expanding  the  program  reper- 
toire of  his  rock  information  system,  which  covers  the  Cenozoic  volcanic 
rocks  of  the  world.  His  data  file,  which  includes  more  than  ten  thousand 
items,  has  been  reorganized  to  include  a  geographic  "word"  for  each  record, 
designating  location  to  the  nearest  degree  of  latitude  and  longitude,  so  that 
searches  may  now  be  keyed  by  specifying  latitude  and  longitude  limits  rather 
than  sets  of  record  numbers. 

From  comparison  of  the  contents  of  files  they  had  developed  independ- 
ently, Chayes  and  LeMaitre  estimate  that  the  periodical,  occasional,  and 
reference  literature  now  contains  at  least  sixty  thousand,  and  perhaps  more 
than  eighty  thousand,  analyses  of  igneous  rocks.  This  suggests  that  with 
suitable  organization  and  support,  preparation  of  a  reasonably  complete 
data  file  of  the  world's  published  chemical  analyses  of  igneous  rocks  would 
be  feasible.    Thus  the  world's  store  of  data  concerning  the  composition  of 
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igneous  rocks  so  painstakingly  accumulated  could  be  made  far  more  accessi- 
ble. More  important,  the  data  could  be  put  in  a  form  facilitating  new  kinds 
of  mathematical  analysis. 

Mao  and  Bell  find  that  above  100  kb  the  apparent  absorption  edges 
(approximately  3  eV)  of  the  olivine  and  spinel  forms  of  Fe2Si04  shift  rapidly 
with  pressure  from  the  near-ultraviolet  into  the  lower  energy  infrared  region. 
Simultaneously,  an  exponential  increase  in  electrical  conductivity  occurs. 
These  effects  are  reversible  as  pressure  is  reduced  or  reapplied  and  are  not 
accompanied  by  a  first-order  phase  change  in  olivine  or  in  spinel.  Although 
these  observations  are  related  to  fundamental  concepts  of  electrical  con- 
ductivity and  photon  absorption  in  complex  transition-metal  silicates,  they 
cannot  be  readily  interpreted  in  terms  of  an  intrinsic  band-gap  model.  The 
results  suggest  that  a  new  mechanism  of  conduction,  perhaps  employing  an 
efficient  charge-transfer  process,  is  induced  at  high  pressure;  the  optical  and 
electrical  effects  may  also  be  geophysically  important.  Because  olivine  and 
spinel  are  believed  to  be  abundant  in  the  earth's  mantle,  the  observed  effects 
of  absorption  and  electrical  conductivity  will  be  controlling  factors  of  the 
thermal,  electrical,  and  magnetic  properties  of  the  earth. 

The  olivine-spinel  transition  is  thought  to  be  of  major  importance  in  the 
earth's  mantle  and  has  been  closely  studied.  Whereas  the  traditional 
arguments  based  on  ionic  radius  ratios  predict  transition  pressures  success- 
fully for  nontransition  elements,  they  fail  when  transition  elements  are 
involved.  At  1000°C,  the  transition  pressure  of  fayalite  to  spinel  (both 
Fe2Si04)  so  calculated  is  100  kb  higher  than  the  experimental  value  of  50 
kb.  Mao  and  Bell  measured  the  crystal-field  energy  of  Fe2Si04  spinel  and 
found  that  the  effect  of  crystal-field  energy  accounted  for  the  entire  discrep- 
ancy. After  a  correction  based  on  the  crystal-field  effect,  the  calculated 
transition  pressure  agrees  with  experiment  within  2  kb.  They  conclude  that 
the  crystal-field  energy  plays  a  major  role  in  the  olivine-spinel  transforma- 
tion. 

The  movement  of  tectonic  plates  now  seems  well  established.  These 
motions  have  had  a  profound  effect  on  the  positions  of  continents,  and  their 
migrations  during  the  past  100  million  years  have  been  well  delineated.  The 
history  previous  to  that  time  is  obscure.  One  method  of  approaching  it  is 
to  study  ophiolites,  rocks  which  may  have  been  formed  at  spreading  ocean 
ridges  of  the  past.  Mattinson  and  Hopson  have  measured  the  ages  of 
ophiolites  occurring  in  the  State  of  Washington  and  in  northern  California. 
These  are  the  oldest  ophiolite  sequences  known  (about  500  million  years). 
The  sequences  were  formed  in  a  narrow  interval  of  time  and  were  involved 
in  a  tectonic  event  within  100  million  years  of  their  formation.  These 
observations  suggest  that  a  major  period  of  sea-floor  spreading  began  in 
early  Paleozoic  times. 

Krogh  and  Davis  have  for  some  time  been  engaged  in  studying  and  dating 
rocks  from  the  Superior  and  Grenville  provinces  of  the  Canadian  shield. 
It  seems  likely  that  the  rocks  of  these  regions  were  earlier  participants  in 
collisions  of  tectonic  plates.  Many  of  the  rocks  in  these  provinces  have  been 
subjected  to  intense  metamorphic  conditions  which  interfere  with  the  use  of 
the  standard  radioactive  clocks.  These  investigators  have  been  developing 
means  to  obtain  reliable  dates  in  the  face  of  this  handicap.  They  have  been 
evaluating  the  effects  of  regional  metamorphism  in  U-Pb  systems  and  are 
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comparing  the  results  with  those  found  earlier  on  Rb-Sr  systems  in  whole 
rocks  and  minerals.  Their  data  demonstrate  that  the  Rb-Sr  whole  rock 
analysis  is  more  reliable  than  the  U-Pb  systems  in  zircons  in  instances  of 
intense  metamorphism.  In  some  areas  where  metamorphism  is  not  intense, 
the  U-Pb  zircon  system  is  excellent.  Its  value  has  been  improved  very 
much  by  a  new  technique  developed  at  the  Geophysical  Laboratory.  A  new 
method  for  contamination-free  decomposition  of  zircons  has  led  to  much 
greater  sensitivity  and  accuracy  for  the  determination  of  zircon  ages.  In- 
vestigators can  now  determine  the  ages  of  a  few  tiny  grains  of  zircon  and 
can  measure  the  ages  with  high  precision  (e.g.,  about  ±1  million  years  in 
3000  million  years). 

In  a  completely  different  geological  effort  involving  cooperation  on  a 
national  project,  Hoering,  Hare,  and  King  have  been  examining  in  great 
detail  the  organic  matter  in  a  long  core  of  anaerobic  sediment  provided  by 
the  Deep  Sea  Drilling  Project  of  the  National  Science  Foundation.  The  core 
was  drilled  in  the  Cariaco  Trench  off  Venezuela  and  represents  material 
deposited  under  uniform  conditions  for  a  few  hundred  thousand  years. 
Hoering  made  a  survey  of  the  lipids  in  the  samples  of  the  core  with  a  new 
technique  developed  last  year.  It  consists  of  reducing  lipids  to  deuterated 
hydrocarbons  with  lithium  aluminum  deuteride.  The  amounts  of  hydro- 
carbons, fatty  alcohols,  and  fatty  acids  in  a  sediment  sample  can  be  deter- 
mined with  a  minimum  amount  of  chemical  preparation.  He  observed  a 
marked  constancy  in  the  kinds  and  amounts  of  lipids  throughout  the  core. 
Saturation  of  olefinic  double  bonds  occurred  in  the  anaerobic  environment, 
but  very  little  transformation  of  carbon  skeletons  occurred.  There  was  no 
detectable  generation  of  hydrocarbons. 

THE  DEPARTMENT  OF  TERRESTRIAL  MAGNETISM 

The  Department  of  Terrestrial  Magnetism  continues  to  maintain  a  broad 
program  in  which  the  tools  and  analytical  approaches  of  physics  are  utilized 
in  the  study  of  interesting  questions  in  astronomy,  nuclear  physics,  geo- 
physics, and  biophysics.  The  scope  of  activity  is  broad  in  relation  to  the 
number  of  scholars.   The  staff  like  it  that  way  and  they  are  creative. 

Geophysical  activities  have  a  long  and  honorable  tradition  for  creativity 
at  DTM,  and  this  year  was  no  exception.  In  common  with  a  number  of 
scientists  around  the  world,  Sacks  has  been  interested  in  developing  means 
of  earthquake  prediction — the  importance  of  which  could  be  dramatically 
underlined  by  earth  movements  at  any  moment.  This  year  Sacks  and 
Suyehiro  have  been  investigating  the  potentialities  of  the  Sacks-Evertson 
borehole  strainmeter.  A  tripartite  array  of  these  strainmeters  has  been 
installed  in  the  Matsushiro-Nagano  earthquake-prone  region  of  Japan. 

Sacks  and  our  collaborators  in  Japan  have  discovered  that  extraordinary 
accelerations  in  the  strain  field  of  the  earth  immediately  surrounding  the 
instruments,  caused  by  very  near  earthquakes,  can  be  tolerated  without  phys- 
ical damage  to  the  devices  and  without  altering  the  measuring  capacities  in 
any  perceptible  way.  For  example,  as  much  as  1600  grams  of  dynamite  fired 
in  an  auxiliary  water-tamped  drill  hole  only  9  meters  away  from  the  strain- 
meter  borehole  was  readily  tolerated.  The  results  from  a  series  of  graded 
smaller  charges,  which  were  monitored  by  accelerometers,  showed  that  a 
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simple  relation  of  charge  to  effect  holds.  It  might  therefore  be  possible  to 
assess  the  absolute  value  of  stress,  and  to  determine  if  there  is  the  potential 
for  an  earthquake  in  the  near  future,  by  using  a  combination  of  borehole 
strainmeters  and  small  explosions  in  nearby  holes.  Since  the  instruments 
are  relatively  simple,  rugged,  and  reasonably  inexpensive,  they  lend  them- 
selves to  mass  production  and  could  be  installed  in  most  of  the  major 
earthquake-prone  areas  of  the  world. 

In  recent  years  great  general  interest  has  been  aroused  as  a  result  of  the 
plate  tectonic  hypothesis,  and  several  models  have  been  suggested  to  account 
for,  among  other  tectonic  processes,  island  arc  volcanism.  Most  of  these 
models  invoke  the  idea  that  subducted  or  underthrust  oceanic  plates  provide 
the  source  for  various  constituents  of  arc  magmas.  Much  of  the  petrologic 
and  geochemical  evidence  is  consistent  with  this  model.  Sinha  and  Hart  have 
analyzed  four  volcanic  rocks  from  the  Tonga-Kermadec  arc  and  five  sedi- 
ment samples  from  the  ocean  floor  just  outside  the  trench  for  U,  Th,  Pb,  K, 
Rb,  Cs,  Sr,  and  Ba  concentrations  and  Sr  and  Pb  isotopic  compositions.  This 
is  the  first  study  which  combines  a  wide  range  of  element  concentrations 
with  precise  isotopic  data  for  both  volcanic  and  sediment  samples  from  a 
given  arc  area.  Their  data  indicate  that  a  simple  subduction  model  is  inade- 
quate. Alternative  models  postulating  partial  melting  of  the  mantle  over- 
lying the  subduction  zone  should  be  considered. 

For  many  years,  DTM  and  collaborators  at  the  Magnetic  Observatories 
in  Fredericksburg,  Virginia,  Huancayo,  Peru,  and  Christchurch,  New  Zea- 
land, have  operated  a  net  of  cosmic  ray  detectors.  These  of  course  respond 
to  radiation  arriving  from  the  far  reaches  of  the  universe.  They  also  respond 
to  cosmic  radiation  from  our  sun.  Contribution  from  this  source  is  small  but 
is  somewhat  variable,  being  influenced  by  variations  in  solar  conditions. 
Through  very  painstaking  analytical  procedures,  Forbush  in  past  years  has 
been  able  to  extract  from  the  crude  total  data  much  information  concerning 
the  sun's  contribution  and  has  correlated  it  precisely  with  the  variation  in 
the  solar  magnetic  field.   This  year  he  has  made  yet  another  discovery. 

The  analyses  of  observations  obtained  between  1932  and  1965  had  been 
shown  to  fit  a  smooth  curve  with  two  components.  One  has  a  period  of  10 
to  12  years  and  the  other,  larger,  component  has  twice  this  period,  and  fur- 
ther has  been  correlated  with  the  reversal  of  the  north  polar  field  of  the  sun. 
An  analysis  completed  this  year  for  observations  between  1965  and  the  end 
of  1971  has  demonstrated  two  things.  First,  a  distortion  in  the  smooth  curve 
through  the  early  data  is  required  to  fit  these  new  observations,  and  second, 
the  reversal  of  the  sun's  polar  magnetic  field  (predicted  in  1968)  was  delayed 
until  mid-1971.  This  reversal  has  also  been  observed  by  R.  F.  Howard  of 
the  Hale  Observatories. 

The  determination  of  the  internal  motions  within  spiral  galaxies  and  the 
relation  of  the  dynamics  to  their  spiral  structure  are  basic  problems  in  the 
study  of  galaxies.  Reliable  velocity  measurements  are  derived  spectro- 
scopically  from  emission  lines  from  excited  gas  in  these  galaxies.  Unfor- 
tunately, the  observational  problems  are  most  difficult,  and  only  a  few 
galaxies  are  close  enough  to  be  studied  in  detail. 

Two  galaxies  are  exceptions;  one  is  the  Andromeda  (M  31),  so  near  that 
it  subtends  an  angle  of  about  5°  in  the  sky.  Rubin  and  Ford  (1970,  1971) 
have  been  able  to  detect  sharp  emission  lines  with  an  image  tube  spectro- 
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graph  and  to  measure  velocities  across  4°.  Details  of  the  velocity  pattern 
for  Andromeda,  therefore,  are  now  available.  The  other  exception  is  our  own 
Galaxy. 

Rubin  and  Ford  reported  last  year  in  a  study  of  Andromeda  (M  31)  that 
the  excited  gas  near  the  nucleus  was  restricted  to  a  relatively  thin  disk 
(roughly  5  X  1014  miles,  or  about  5  million  times  the  distance  between 
earth  and  sun) .  Within  this  thin  disk,  gas  is  in  rapid  rotation,  and  in  some 
positions  is  flowing  out  from  the  nucleus.  Beyond  this  inner  disk,  the  gas 
rotates  relatively  slowly  about  the  center.  A  question  then  arises  as  to  the 
rotational  velocities  of  the  stars  close  to  the  nucleus  (within  1.6  kiloparsecs) . 
Horace  Babcock  of  the  Hale  Observatories  as  early  as  1939  observed  very 
low  velocities  at  1.6  kiloparsecs.  Rubin  and  Ford  recently  confirmed  this 
observation  and  showed  that  the  stars  near  the  center  of  Andromeda  have 
velocities  similar  to  those  of  the  gases  they  excite. 

In  our  own  Galaxy,  velocities  at  great  distances  from  the  sun  can  be  deter- 
mined only  for  the  interstellar  gas.  Because  the  interstellar  space  between 
the  stars  in  our  Galaxy  contains  gas  (principally  hydrogen)  and  dust,  optical 
observations  can  study  stars  only  within  about  3  kiloparsecs  (10,000  light 
years)  of  the  sun.  The  center  of  our  Galaxy  has  never  been  observed 
optically.  However,  hydrogen  gas  radiates  at  a  wavelength  of  21  cm.  Radio 
telescopes  can  detect  this  emission  from  regions  completely  across  the 
Galaxy.  In  a  single  direction  along  the  galactic  plane,  emissions  from  dis- 
crete gas  clouds,  each  at  a  different  distance  from  the  galactic  center,  con- 
tribute to  an  observed  21-cm  signal.  The  total  observed  profile  is  a  summa- 
tion of  contributions  from  a  number  of  Doppler-shifted  signals.  It  has  been 
widely  accepted  that  the  resolution  of  the  signals  would  allow  the  radio 
astronomer  to  decipher  the  contribution  from  each  cloud  and  to  map  the 
spiral  structure. 

Papers  by  many  investigators  of  the  21-cm  signals  over  the  years  describe 
the  Galaxy  as  a  spiral  structure.  Tuve  and  co-workers,  including  Lundsager, 
have  conducted  a  long  and  painstaking  survey  of  this  galactic  hydrogen. 
They  collected  their  results  in  a  monograph  to  be  published  by  the  Institu- 
tion. Tuve  and  Lundsager  point  out  that  no  conspicuous  hydrogen  density 
contrasts  between  arms  and  inter-arm  space  have  been  demonstrated  by 
any  of  the  investigators  despite  efforts  to  do  so.  In  the  absence  of  any 
significant  evidence  for  real  hydrogen  arms,  it  is  their  view  that  descrip- 
tions of  the  Galaxy  in  terms  of  its  arms  should  be  considered  only  as  ob- 
served trends  in  velocity  profiles.  They  suggest  that  these  velocity  structures 
are  not  comprehensive  evidence  for  a  spiral  structure  of  concentrations  and 
locations  of  neutral  hydrogen  clouds  in  the  plane  of  the  Galaxy. 

Roberts,  in  collaboration  with  L.  B.  and  J.  B.  Flexner,  has  been  studying 
memory  and  learning  processes.  One  of  the  chief  investigative  devices  has 
been  the  training  shuttlebox  in  which  a  mouse  or  a  rat  has  a  choice  between 
electrified  and  unelectrified  portions  of  the  box  when  stimulated  by  sound. 
Mazes  and  other  devices  are  also  widely  used.  All  are  tedious  procedures 
and  test  results  cannot  be  reliably  predicted  from  performance  during  train- 
ing. Roberts  and  the  Flexners  have  developed  a  new  procedure.  This  is 
based  on  a  conditioned  aversion  to  sugar  solution  by  mice  or  rats  made  ill 
by  injection  of  lithium  chloride.  About  90  percent  of  animals  injected  with 
LiCl  show  a  marked  aversion  to  sugar  solution,  compared  with  a  90-percent 
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preference  for  sugar  water  over  plain  water  before  treatment.  This  simple 
and  objective  procedure  enables  rapid  screening  of  many  drugs  thought  to 
interfere  with  the  memory  process.  For  example,  experiments  with  injec- 
tion of  reserpine  immediately  after  treatment  reduced  the  number  of  mice 
developing  aversion  to  40  percent.  Reserpine  causes  a  prompt  depletion  of 
the  levels  of  both  norepinephrine  and  serotonin.  These  two  neurotransmit- 
ters therefore  may  be  involved  in  the  memory  of  taste  of  sugar.  Clearly, 
many  experiments  may  now  be  expeditiously  conducted  on  short-term  and 
long-term  memory  processes. 

Cowie  collaborated  with  staff  members  of  the  Service  Biochimie  Cellulaire 
of  the  Institut  Pasteur,  Paris,  in  an  ingeniously  designed  study  of  an  allo- 
steric  enzyme,  aspartokinase  I-homoserine  dehydrogenase  I  (AKI-HSDI). 
This  protein  was  selected  to  test  whether  or  not  known  genetic  divergences 
are  reflected  in  the  structure  or  composition  of  an  essential  enzyme.  It  was 
further  seen  as  a  possibly  sensitive  indicator  of  evolutionary  protein 
divergence  within  the  genus  Enter obacteriaceae.  To  analyze  the  differences 
among  isofunctional  enzymes  in  different  bacterial  species,  a  sepharose  elu- 
tion  column  was  built  containing  antibodies  specific  for  AKI-HSDI.  The 
column  proved  to  be  a  highly  discriminatory  tool  capable  of  distinguishing 
at  least  three  different  forms  of  the  enzyme,  called  the  R,  T,  and  U  forms, 
and  their  different  states.  Further  studies  of  protein  evolution  by  this  means 
are  now  being  carried  out  by  Cowie  and  his  collaborators. 

It  has  been  known  for  some  time  that  about  10  percent  of  the  DNA  from 
all  cell  types  and  strains  of  the  laboratory  mouse  Mus  musculus  consists  of 
approximately  1  million  very  similar  copies  of  a  sequence  of  about  300 
nucleotides.  Rice  and  Straus  have  shown  that  nucleotide  sequences  related 
to  those  of  this  highly  redundant  family  (known  as  the  mouse  "satellite") 
have  not  been  detected  in  other  DNAs,  including  rat  DNA.  They  tested 
DNAs  from  M.  caroli  and  M.  cervicolor,  both  of  which  appear  more  closely 
related  to  M.  musculus  than  does  rat,  and  have  found  that  both  contain 
rather  high  levels  of  satellite-related  nucleotide  sequences.  The  thermal 
stability  of  hybrid  DNA  duplexes,  however,  is  rather  low,  and  thus  these 
families  exist  in  quite  different  forms  in  the  three  species  of  Mus.  It  thus 
appears  that  soon  after  speciation  large-scale  amplification  of  related  but 
not  identical  nucleotide  sequences  occurred  in  these  species. 

THE  DEPARTMENT  OF  EMBRYOLOGY 

The  Department  of  Embryology  is  a  closely  knit  organization  in  which 
two  principal  kinds  of  activity  are  centered.  One  major  thrust  is  toward 
the  isolation  of  genes  both  nuclear  and  mitochondrial  and  the  study  of  their 
structure,  evolution,  and  control.  The  other  activity  centers  on  development 
of  membranes  especially  in  cardiac  and  skeletal  muscle.  The  two  main 
activities  are  inevitably  intertwined,  for  genes  direct  the  synthesis  of  the 
components  of  the  cell  membranes  and  genes  in  turn  are  regulated  at  least 
to  some  extent  by  signals  from  the  cell  membranes. 

A  major  goal  of  developmental  biology  is  the  isolation  of  genes  of  known 
function  from  animal  DNAs  for  the  purpose  of  reconstructing  their  control 
in  vitro.  Earlier  at  the  Department  of  Embryology  genes  containing  the 
sequences  for  5S  RNA   (5S  DNA)   were  isolated  from  the  frog  Xenopus 
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laevis.  This  year  the  corresponding  5S  DNA  genes  have  been  isolated  from 
a  related  frog,  Xenopus  mulled.  This  accomplishment  has  permitted  detailed 
comparison  of  the  two  genes  and  opened  new  vistas  concerning  contrasting 
stability  and  fluidity  of  chromosomes.  Although  the  two  animals  are  closely 
related,  their  5S  DNAs  differ  markedly.  For  example,  the  GC  content  of 
X.  mulleri  is  considerably  higher  than  that  of  its  relative.  On  the  average, 
spacer  sequences  in  X.  mulleri  5S  DNA  are  two  to  three  times  longer  than 
those  in  A',  laevis.  The  only  common  region  in  the  two  DNAs  is  that  coding 
for  5S  RNA.  Thus,  although  these  multiple  repeating  genes  appear  to  be 
homogeneous  in  nucleotide  sequences  within  animals  of  one  species,  they 
differ  greatly  between  species.  The  question  arises,  how  can  all  of  the 
several  hundred  "spacers"  in  an  animal  evolve  in  parallel?  This  mystery  has 
been  deepened  as  a  result  of  a  collaborative  study  involving  Mary  Lou 
Pardue  at  Edinburgh.  She  has  found  that  5S  DNA  is  located  at  the  ends  of 
the  long  arms  of  as  many  as  ten  out  of  the  eighteen  haploid  chromosomes. 

At  a  stage  in  its  development,  the  silk  worm  is  capable  of  synthesizing 
very  substantial  amounts  of  silk.  Is  this  capacity  attended  with  a  large  in- 
crease in  the  number  of  fibroin  genes?  Suzuki,  Gage,  and  Brown  have 
developed  techniques  for  separating  fibroin  genes  from  the  bulk  of  Bombyx 
mori  and  this  has  enabled  them  to  compare  the  number  of  fibroin  genes  in 
DNA  from  three  tissues :  posterior  silk  gland,  middle  silk  gland,  and  carcass. 
They  conclude  that  there  is  no  selective  amplification  of  the  DNA  homo- 
logous to  fibroin  in  RNA  in  posterior  silk  gland  cells. 

The  small  molecule  of  mitochondrial  DNA  (mtDNA)  cannot  code  for  all 
mitochondrial  proteins.  The  major  part  of  the  genetic  information  for 
mitochondrial  constituents  is  provided  by  the  nuclear  genome.  The  assembly 
of  mitochondria  requires  the  cooperation  of  both  nuclear  and  cytoplasmic 
genomes.  For  this  reason  a  system  in  which  the  relationships  between  the 
mitochondrial  and  nuclear  genomes  in  animal  cells  can  be  studied  is  of  great 
interest.  Hybrid  somatic  cells  seem  to  be  such  a  system. 

Horak  and  Dawid,  collaborating  with  Coon  of  the  National  Cancer  Insti- 
tute, have  studied  hybrid  cell  strains  derived  from  the  human  cell  line  VA-2 
and  primary  cell  suspensions  from  the  central  nervous  system  and  heart  of 
rat  and  mouse.  They  followed  the  persistence  and  propagation  of  the 
parental  mtDNAs  in  the  hybrid  cells  by  using  the  distinct  nucleotide 
sequences  of  the  different  DNAs  as  markers. 

A  method  was  developed  which  allowed  the  distinction  and  quantitation 
of  human  and  murine  mtDNA  by  molecular  RNA/DNA  hybridization. 
This  technique  has  proved  to  be  useful  for  the  scanning  of  large  numbers 
of  cell  strains.  The  results  showed  that  many  of  the  lines  contained  mtDNA 
sequences  from  both  parents.  This  included  a  number  of  subclones,  i.e., 
clones  derived  from  individual  hybrid  cells  more  than  forty  generations  after 
the  initial  fusion  event.  There  were  great  differences  between  the  rat-human 
and  mouse-human  hybrid  strains.  In  the  former  a  general  correlation  exists 
between  the  fraction  of  rat  mitochondrial  and  nuclear  DNA  in  the  hybrid, 
while  in  the  latter  a  strong  tendency  towards  mouse  mtDNA  is  apparent. 

The  results  obtained  so  far  show  that  mtDNAs  from  two  species  can 
propagate  in  the  same  cytoplasm.  These  experiments  promise  more  detailed 
information  on  the  relation  between  the  chromosome  composition  of  a  hybrid 
cell  and  the  fate  of  its  mtDNA. 
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Exploration  of  the  relations  between  membrane  and  nucleus  was  described 
in  articles  by  Orr,  Yoshikawa-Fukada,  and  Ebert,  and  by  McDonald, 
Sachs,  Orr,  and  Ebert.  The  authors  present  data  supporting  their  argument 
that  the  cell  membrane  potential  plays  a  role  in  the  regulation  of  DNA 
synthesis.  Peter  Stambrook,  who  joined  the  Department  during  the  year 
as  an  Assistant  Investigator,  has  continued  to  pursue  this  question.  In 
studies  with  Sachs  and  Ebert,  he  has  investigated  changes  in  the  membrane 
potential  during  the  cell  cycle.  The  initial  findings  with  synchronized 
Chinese  hamster  cells  have  been  encouraging.  Cells  in  late  Gx  have  a  rela- 
tively low  membrane  potential  which  rises  abruptly  at  about  the  time  DNA 
synthesis  begins.  The  potential  remains  stable  through  the  S  and  G2  periods 
and  drops  as  the  cells  enter  metaphase. 

Rash  and  Fambrough  have  also  advanced  an  unusually  interesting 
hypothesis,  that  cell  coupling  by  means  of  gap-like  junctions  is  a  stage 
preparatory  to  cytoplasmic  fusion  of  myogenic  cells.  Although  the  evidence 
is  circumstantial,  it  is  compelling.  Rash  and  Fambrough  have  successfully 
used  electrophysiological  techniques  to  observe  the  initiation  of  electrical 
coupling  between  acetylcholine-sensitive  myogenic  cells  to  determine  the 
moment  of  fusion  between  cell  pairs  and  to  identify  a  number  of  recently 
fused  cells.  Electron  microscopic  analysis  of  cells  characterized  by  these 
techniques  has  revealed  a  membrane  specialization  resembling  the  gap 
junction,  which  may  mediate  electrical  coupling,  and  it  has  demonstrated 
the  rapidity  of  membrane  disappearance  following  the  establishment  of 
cytoplasmic  continuity. 

Fambrough  has  also  reported  significant  progress  in  his  studies  of  acetyl- 
choline receptors  in  skeletal  muscle  fibers.  He  and  his  student,  Criss 
Hartzell,  have  been  able  to  map  the  appearance  of  new  receptor  sites  in  a 
developing  muscle  fiber  by  saturating  all  existing  sites  with  a  potent  neuro- 
toxin from  an  Asiatic  genus  of  snakes  (Bungarus  spp.).  New  receptors  are 
revealed  by  a  recovery  of  acetylcholine  sensitivity  or  the  appearance  of  new 
bungarotoxin  binding  sites.  Fambrough  and  Hartzell  measured  the  rate  of 
increase  in  total  receptors  and  the  increase  in  receptor  density.  By  also  using 
cycloheximide,  which  blocks  protein  synthesis,  they  found  a  delay  between 
blocking  by  protein  synthesis  and  maximal  inhibition  of  receptor  formation. 
This  discovery  suggests  the  existence  of  a  pool  of  unreleased  intracellular 
receptors  or  a  set  of  nonfunctional  receptors  ready  for  activation  in  the 
muscle. 

Jeanne  Powell,  a  member  of  the  faculty  of  the  Department  of  Biological 
Sciences  at  Smith  College,  spent  six  months  as  a  Carnegie  Fellow  in  Fam- 
brough's  laboratory.  They  collaborated  on  a  study  of  the  development  of 
muscle  cells  obtained  from  the  mutant  mouse  muscular  dysgenesis,  exploring 
the  usefulness  of  normal  and  mutant  mouse  myogenic  cells  as  experimental 
objects  for  studies  of  the  behavior  of  developing  membranes.  Mutant  myo- 
tubes  show  no  spontaneous  twitches  and  fail  to  twitch  in  response  to  cath- 
odal stimulation.  Other  investigators  have  shown  that  the  contractile  appa- 
ratus appears  to  be  normal,  and  Powell's  analysis  suggests  that  the  passive 
membrane  constants  and  action  potentials  of  the  mutant  muscle  are  similar 
to  those  of  muscle  from  normal  mice.  It  is  suggested  that  there  may  be 
an  abnormality  in  the  excitation  coupling  mechanism. 

Another  poison,  the  Puffer-fish  poison  tetrodotoxin,  has  been  used  by 
McDonald,   Sachs,   and  DeHaan  to   explore  the   development   of   sodium 
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channels  in  the  membranes  of  developing  heart  cells.  Tetrodotoxin  is  known 
to  inhibit  the  inward  sodium  current  and  to  abolish  pacemaker  activity  in 
cells  in  which  action  potential  generation  depends  on  an  increase  in  sodium 
conductance.  In  the  four-day-old  chick  embryo  the  heart  is  insensitive  to 
tetrodotoxin  even  at  concentrations  of  10"5  g/ml.  Sensitivity  increases 
strikingly  between  days  four  and  seven  and  thereafter  remains  constant. 
Not  all  isolated  cells  are  sensitive — in  fact,  the  sensitive  fraction  is  relatively 
small  and  does  not  increase  over  the  period  studied.  Trypsinized  cells  lose 
their  sensitivity,  but  when  organized  as  aggregates,  regain  tetrodotoxin 
sensitivity  within  three  hours.  The  process  requires  protein  synthesis.  It  is 
especially  notable  that  sensitivity  is  not  recovered  in  cells  isolated  in  mono- 
layer cultures. 

THE  DEPARTMENT  OF  PLANT  BIOLOGY 

The  Department  of  Plant  Biology  conducts  fundamental  research  in 
photosynthesis  and  physiological  ecology.  Much  progress  has  been  made 
in  discovering  the  mechanisms  by  which  plants  utilize  light,  but  the  research 
has  also  pointed  to  more  mysteries  and  complexity.  Thus  photosynthesis 
remains  an  extremely  important  topic  for  study.  Today  there  is  much  talk 
of  ecology,  but  activity  is  handicapped  by  our  limited  knowledge  of  plants. 
Thus  work  at  the  Department  of  Plant  Biology  is  central  to  important 
matters. 

Much  of  the  work  at  the  Department  has  been  devoted  to  investigation  of 
the  pigments,  notably  the  various  forms  of  chlorophyll,  that  capture  the 
energy  of  sunlight  for  photosynthesis.  An  important  process  in  plants  is 
the  conversion  of  protochlorophyll  to  chlorophyll  through  a  photochemical 
transformation.  This  photochemical  reaction  results  in  a  drastic  and  sudden 
change  in  the  absorption  spectra  of  leaves  that  have  been  grown  in  the  dark. 
Following  this  production  of  chlorophyll  the  peak  of  its  absorption  spectrum 
shifts  in  a  complex  way  which  may  be  interpreted  as  changes  in  the  relative 
proportions  of  several  different  forms  of  chlorophyll  a. 

Professor  Hemming  Virgin,  from  the  University  of  Goteborg  and  a  former 
Research  Fellow  of  the  Department,  returned  for  a  five-month  visit  this 
year.  One  of  his  primary  research  interests  has  been  the  transformation  of 
protochlorophyll  into  the  various  forms  of  chlorophyll  in  leaves  of  higher 
plants.  This  year  he  measured  the  low  temperature  absorption  spectra  of 
barley  leaves  immediately  following  exposure  to  a  flash  of  light.  These 
spectra  are  of  greater  precision  than  those  previously  available  and  have 
been  analyzed  to  determine  the  successive  changes  in  the  proportions  of  the 
different  forms  of  chlorophyll  during  the  two  types  of  peak  shifts.  The 
experiments  have  shown  that  the  kinds  of  freshly  formed  chlorophyll  in 
barley  leaves  are  indeed  similar  to  those  believed  to  be  universal.  The  time 
course  of  the  slow  shift  in  the  proportion  of  the  forms  of  chlorophyll  follow- 
ing a  light  flash  was  unexpectedly  found  to  be  a  sigmoid  curve.  This  auto- 
catalytic  effect  shows  that  the  transformation  is  dependent  on  some  sub- 
stance, presumably  its  carrier  protein,  whose  formation  is  triggered  by  the 
light  exposure. 

Fork  and  Tetsuo  Hiyama,  an  Institution  Fellow,  have  investigated  the 
role  that  cytochrome  5-559  plays  in  photosynthesis.   It  has  been  considered 
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by  some  that  this  cytochrome  functions  as  an  intermediate  electron  carrier 
accepting  electrons  from  system  2  and,  in  turn,  passing  them  along  to  system 
1.  Last  year,  however,  Fork  reported  action  spectra  showing  that  system  2 
rather  than  system  1  oxidized  this  cytochrome.  Measurements  made  this 
year  by  Fork  and  Hiyama  confirmed  that  this  cytochrome  is  quite  likely  to 
be  closely  associated  with  system  2.  Using  particles  obtained  from  the  grana 
stacks  of  chloroplasts,  they  found  that  cytochrome  6-559  exists  naturally  in 
its  high-potential  redox  form  and  is  oxidized  by  system  2.  Only  after  treat- 
ment with  certain  inhibitors  and  redox  carriers  did  photosystem  1  oxidize 
the  cytochrome.  So  far,  there  is  no  evidence  to  suggest  that  this  cytochrome 
functions  in  the  main  photosynthetic  electron  flow  originating  from  water. 
Cytochrome  6-559  is  likely  to  be  a  member  of  a  cyclic  pathway  associated 
with  system  2  that  would  regulate  the  overall  electron  flow  and  energy  trans- 
formation process  of  photosynthesis. 

Hiyama  has  set  up  a  system  for  measuring  rapid  absorption  changes  fol- 
lowing a  short  flash  of  light.  Hiyama  and  Fork  are  using  this  new  equip- 
ment to  study  early  events  in  the  electron  transfer  pathways. 

Brown  has  compared  the  system  1  and  system  2  activity  of  chloroplast 
particles  from  algae  of  different  species  and  of  different  times  in  the  life  cycle. 
The  objective  is  to  find  the  most  suitable  plant  material  and  reaction  con- 
ditions for  use  in  measurements  of  the  action  spectra  for  the  specific  func- 
tions of  the  different  forms  of  chlorophyll. 

Much  of  the  work  at  this  Department  on  photosynthetic  adaptation  to 
different  habitats  has  shown  that  plants  have  a  wealth  of  genetic  material 
which  enables  them  to  perform  efficiently  under  marginal  conditions.  In 
contrast,  most,  if  not  all,  of  our  agricultural  plants  are  bred  to  take  maximum 
advantage  of  optimal  conditions.  This  results  in  very  high  yields  but  limits 
the  cultivation  of  many  crops  to  regions  where  these  optimal  conditions  can 
be  met  and  often  requires  that  massive  amounts  of  water  and  fertilizers  be 
supplied.  If  some  of  the  genetic  adaptations  to  marginal  habitats  could  be 
incorporated  into  some  crop  species,  the  possibility  exists  of  extending  the 
efficient  cultivation  of  these  species  to  other  regions. 

A  major  puzzle  is  the  varying  ability  of  plants  to  adapt  to  a  great  range 
of  light  intensities.  Shaded  floors  of  dense  forests  and  open  sunny  locations, 
such  as  alpine  meadows,  coastal  strands,  and  deserts  are  some  of  the  ex- 
tremes of  habitats  with  which  higher  plants  must  cope.  "Shade"  plants  are 
capable  of  efficient  use  of  low  light  intensities  for  net  photosynthetic  CO2 
uptake  and  growth  but  are  incapable  of  high  photosynthetic  rates  at  high 
light  intensities.  Conversely,  "sun"  plants  have  a  high  capacity  for  photo- 
synthesis at  high  light  intensities  but  relatively  low  rates  of  net  photo- 
synthesis at  low  light  intensities. 

This  year  Bjorkman  participated  in  an  effort  to  distinguish  the  differences 
in  photosynthetic  characteristics  between  extreme  shade  and  sun  plants. 
This  work  was  carried  out  while  he  was  a  Visiting  Investigator  at  the 
Department  of  Environmental  Biology,  Australian  National  University, 
Canberra.  It  was  undertaken  in  close  collaboration  with  members  of  the 
staffs  of  the  Division  of  Plant  Industry  and  the  Division  of  Tropical  Pas- 
tures, CSIRO,*  and  the  Department  of  Environmental  Biology,  Australian 
National  University. 

*  Commonwealth  Scientific  and  Industrial  Research  Organization. 
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The  studies  included  a  characterization  of  the  light  climate  in  an  ex- 
tremely densely  shaded  rain  forest  habitat  and  the  photosynthetic  perform- 
ance of  plants  in  situ;  kinetic  analyses  of  their  photosynthetic  gas  exchange 
characteristics;  leaf  and  chloroplast  structure;  and  the  biochemistry  and 
photochemistry  of  isolated  chloroplasts.  Bjorkman  and  his  collaborators 
also  investigated  the  effect  of  light  intensity  during  growth  on  the  overall 
photosynthetic  capacity  in  a  single  genotype  of  a  sun  species  grown  under 
strictly  controlled  conditions  in  a  Phytotron. 

The  results  show  that  higher  plants  are  capable  of  sustained  growth  in 
habitats  where  the  daily  total  flux  of  light  quanta  on  a  clear  day  is  as  low 
as  0.5  percent  of  that  in  an  open  habitat.  A  substantial  fraction  of  this 
light  is  in  the  form  of  sunflecks  of  short  duration.  These  extreme  shade 
plants  convert  the  available  light  to  chemical  energy  with  a  high  efficiency, 
and  the  carbon  loss  through  respiration  is  extremely  low. 

Subsequent  laboratory  studies  demonstrated  that  photosynthetic  adapta- 
tion to  different  light  climates  indeed  includes  biophysical,  biochemical,  and 
photochemical  changes,  all  of  which  theoretically  can  be  expected  to  affect 
the  ability  of  the  plants  to  photosynthesize  effectively.  Sun  plants  were 
found  to  have  a  greater  maximum  conductance  to  gas  diffusion,  a  much 
higher  capacity  for  C02  fixation  at  the  cell  level,  and  a  greater  photosyn- 
thetic electron  transport  capacity  than  shade  plants.  The  light-saturated 
rates  of  partial  chloroplast  reactions  are  many  times  greater  in  the  sun 
plants  than  in  the  shade  plants.  The  greater  intrinsic  capacity  of  CO2  fixa- 
tion by  the  sun  plants  was  related  to  a  higher  level  of  the  enzyme  carboxy- 
dismutase.  The  faster  rates  of  electron  flow  were  related  to  a  higher  content 
of  carriers  in  the  electron  transport  chain,  such  as  cytochrome  /,  cyto- 
chrome 66,  and  cytochrome  6-559. 

The  sun  plants  were  also  found  to  possess  considerably  fewer  grana  and 
less  chlorophyll  per  unit  chloroplast  volume.  This  indicates  that  the  ratio 
between  light-harvesting  chlorophyll  molecules  and  photosynthetic  enzymes 
and  electron  carriers  is  smaller  than  in  shade  plants. 

Experiments  on  photoinhibition  of  electron  transport  in  isolated  chloro- 
plasts by  intense  light  support  the  view  that  the  number  of  light-harvesting 
chlorophyll  molecules  per  reaction  center  is  similar  in  sun  and  shade  plants. 
Growing  the  sun  species  Atrvplex  patula  at  the  lowest  light  intensity  at 
which  it  can  grow  produced  similar  but  less  striking  photosynthetic  char- 
acteristics than  those  found  in  the  extreme  species  of  the  rain  forest  floor. 
Nevertheless,  light  intensity  during  growth  of  Atriplex  had  a  pronounced 
influence  on  stomatal  frequency,  and  conductance  to  gas  diffusion,  leaf  and 
chloroplast  structure,  chlorophyll  and  protein  content,  activities  of  photo- 
synthetic enzymes  and  photochemical  reactions,  and  the  transport  capacity 
of  the  vascular  system.  Photosynthetic  adaptation  to  light  intensity  even 
in  a  single  genotype  is  therefore  probably  not  achieved  by  changing  a  single 
limiting  step  alone  but  by  balanced  changes  in  the  capacities  of  a  number  of 
potentially  limiting  reactions. 

The  regulatory  mechanisms  underlying  this  remarkable  ability  of  plants 
to  adjust  simultaneously  a  number  of  diverse  characteristics  at  widely  dif- 
ferent levels  of  organization  in  response  to  a  quantitative  change  in  light 
intensity  are  unknown.  They  remain  important  and  challenging  problems 
in  the  field  of  developmental  plant  biology. 
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While  in  Canberra,  Bjorkman  also  collaborated  in  two  other  studies  which 
are  reported  this  year.  Together  with  Dr.  Osmond  of  the  Australian  Na- 
tional University,  he  conducted  simultaneous  measurements  of  oxygen  effects 
on  net  photosynthesis  and  glycolate  metabolism  in  C3  and  C4  species  of 
Atriplex.  This  study  indicates  that  glycolate  metabolism  occurs  in  both 
C3  and  C4  plants,  but  it  may  play  only  a  minor  role  in  causing  the  inhibition 
of  photosynthesis  in  C3  plants  in  air.  Studies  by  George  Bowes  and  Joseph 
A.  Berry,  Carnegie  Fellows,  also  support  this  conclusion. 

Nobs  and  Berry  have  continued  experiments  to  select  for  C4  photosyn- 
thetic  characteristics  in  hybrids  of  C3  and  C4  species  of  Atriplex.  Over 
200  individual  hybrid  genotypes  have  been  tested  for  their  photosynthetic 
characteristics.  Thus  far  they  have  not  succeeded  in  recovering  a  hybrid 
individual  with  C4  photosynthetic  gas  exchange  characteristics. 

Bowes  and  Berry  have  been  collaborating  on  studies  of  the  mechanism 
underlying  the  inhibitory  effect  of  oxygen  upon  photosynthesis.  A  key  to 
carrying  this  work  forward  was  the  selection  of  an  advantageous  experimental 
system.  Interpretation  of  the  inhibitory  effect  of  oxygen  upon  leaves  of 
higher  plants  is  complicated  by  the  simultaneous  occurrence  of  photorespira- 
tory  C02  evolution  and  photosynthetic  C02  uptake  within  the  leaf.  Neither 
process  can  be  precisely  specified  by  instrumental  techniques  which  respond 
only  to  the  net  effect  of  the  leaf  upon  its  environment.  The  green  alga 
Chlamydomonas,  however,  lacks  photorespiratory  C02  release.  This  allows 
the  direct  effects  of  oxygen  on  photosynthesis  to  be  specified.  Also,  gly colic 
acid,  the  metabolite  which  in  higher  plants  gives  rise  to  photorespiratory 
C02  release,  is  excreted  by  this  alga.  Thus  it  is  possible  to  estimate  the 
effect  of  oxygen  on  glycolate  formation.  These  experiments  are  giving  sup- 
port to  the  hypothesis  advanced  both  by  Bowes  and  Ogren  and  by  Berry 
last  year  that  the  enzyme  ribulose  diphosphate  carboxylase  is  inhibited  by 
oxygen  and  that  the  enzyme  also  catalyzes  an  undesirable  side  reaction 
with  oxygen.  These  reactions  have  been  demonstrated  in  vitro  and  the 
experiments  now  in  progress  suggest  that  they  also  occur  in  vivo. 


THE  PROGRAM  OF  INSTRUCTION 

The  greater  part  of  the  Institution's  instruction  is  carried  on  through 
individual  research  projects  in  which  the  student  or  Fellow  studies  under  a 
Staff  Member's  supervision  or  collaborates  with  him  in  his  research.  This  is 
supplemented  in  all  Departments  by  regularly  scheduled  seminars,  by  ap- 
propriate field  study,  by  visits  to  university  laboratories  and  other  research 
organizations,  and  by  some  optional  activities. 

Individual  or  Collaborative  Study 

The  1971—1972  Catalogue  of  the  Institution  lists  forty-four  subjects  of 
scientific  instruction.  They  are  about  evenly  divided  among  three  broad 
areas  of  research :  geophysics  and  geochemistry,  astronomy  and  astrophysics, 
and  biology.  Instruction  and  research  in  this  program  are  so  integrated  that 
a  description  of  one  inevitably  includes  the  other.  Ellis  T.  Bolton,  Director 
of  the  Department  of  Terrestrial  Magnetism,  in  his  Introduction  to  the 
Department's  Report  in  Year  Book  71  speaks  of  the  tangibles  and  intangi- 
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bles  in  scholarly  activity.  As  far  as  the  written  record  of  the  academic  world 
is  concerned,  the  student's  effort  commonly  is  an  intangible.  The  Institution, 
however,  seems  to  provide  exceptions  to  this  rule. 

The  sixty-one  postdoctoral  fellows  and  fifty-six  predoctoral  students  who 
were  in  residence  at  the  five  teaching  Departments  of  the  Institution  during 
1971-1972  left  an  astonishingly  prolific  written  record  of  their  study  during 
the  academic  year.  Of  the  269  research  projects  reported  from  the  five 
Departments  in  Year  Book  71,  more  than  half  (144)  list  postdoctoral  fel- 
lows or  students  as  the  sole  scientist  or  collaborator  in  the  work  and  results 
reported.  Of  the  articles  published  in  scientific  journals  and  listed  in  the 
Departmental  bibliographies  of  Year  Book  71,  nearly  a  third  (63  out  of 
204)  had  a  postdoctoral  fellow  or  student  as  sole  author  or  coauthor.  It  is  of 
particular  interest  that  the  contributions  of  predoctoral  students,  although 
necessarily  fewer  than  those  of  the  postdoctoral  fellows,  still  contain  some 
noteworthy  items  for  the  year's  record.  What  is  perhaps  more  remarkable 
is  that  each  of  these  pieces  of  research  was  directly  related  to  the  student's 
or  fellow's  development  as  a  scientist;  his  recognition  as  a  collaborator  or 
sole  author  was  a  recognition  not  only  of  his  scholarly  achievement  but  of 
his  educational  development  as  well.  There  is  no  problem  of  an  "unf acuity" of 
postdoctoral  fellows  within  the  Institution,  wherein  self-development  may 
not  be  compatible  with  contract  research  objectives.1  A  student  or  fellow 
whose  own  development  cannot  be  fitted  completely  to  the  research  program, 
faculty  competences,  and  procurable  equipment  of  the  Institution  is  not 
encouraged  to  join  our  effort. 

The  extent  to  which  both  students  and  fellows  are  kept  on  the  frontiers  of 
their  fields  in  the  Institution's  instructional  program  may  be  illustrated  by 
four  studies  reported  in  Year  Book  71,  two  by  postdoctoral  fellows  and 
two  by  graduate  students. 

In  some  cases  students  and  fellows  are  placed  in  a  favorable  position  for 
discovery  by  sensitive  new  analytical  techniques.  Martin  G.  Seitz  of  the 
Geophysical  Laboratory  and  Nobumichi  Shimizu  of  the  Department  of 
Terrestrial  Magnetism  employed  such  a  technique,  fisson  track  mapping, 
to  study  uranium  distribution  in  minerals  on  an  extremely  small  scale. 
Fission  tracks  recorded  in  their  mica  detector  can  show  uranium  levels  down 
to  0.02  parts  per  billion.  An  unusual  application  of  the  technique  was  made 
in  measuring  uranium  concentrations  of  bovid  teeth  from  the  well-known 
Olduvai  Gorge  of  East  Africa.  Such  concentrations  generally  were  found  to 
decrease  with  depth  in  the  soil.  It  was  concluded  that'  fission  tracks  are 
potentially  usable  for  dating  fossil  materials  older  than  1  million  years. 
Seitz  also  studied  fission  tracks  in  a  meteoritic  mineral,  whitlockite,  and 
found  evidence  of  high-energy  cosmic-ray  interactions.  From  this  study  it 
is  thought  that  particle  tracks  in  extraterrestrial  materials  can  provide 
detailed  information  about  the  radiation  history  of  our  solar  system. 

Using  another  sensitive  new  technique  in  a  very  different  field  of  study, 
Criss  Hartzell,  a  graduate  student  at  The  Johns  Hopkins  University,  col- 
laborated with  Douglas  Fambrough,  Staff  Member  of  the  Department  of 
Embryology,  in  describing  the  course  of  nerve  receptor  production  and  in- 

1  See  National  Academy  of  Sciences,  The  Invisible  University — Postdoctoral  Education 
in  the  United  States,  Washington,  1969,  p.  43.  The  term  "unfaculty"  was  coined  by 
Clark  Kerr. 
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corporation  into  the  membranes  of  developing  muscle  fibers.  Their  results 
were  described  earlier  in  this  report  (p.  21). 

It  is  equally  satisfying  for  a  student  or  fellow  to  arrive  at  new  interpreta- 
tions through  the  skillful  use  of  old  techniques.  Such  was  the  case  for  Soren 
Lundsager,  a  graduate  student  at  the  University  of  Maryland  and  the  De- 
partment of  Terrestrial  Magnetism,  who  collaborated  with  Merle  A.  Tuve, 
Distinguished  Service  Member  and  former  Director  of  the  Department,  in 
the  study  of  the  hydrogen  profiles  of  our  Galaxy,  also  described  earlier. 
In  a  report  in  this  Year  Book  they  describe  an  atlas  of  hydrogen  profiles 
which  has  led  to  an  unexpected  conclusion  about  the  shape  of  the  Galaxy. 
Tuve  and  Lundsager's  results  call  into  question  the  interpretation  of  the 
Galaxy  as  a  spiral  galaxy. 

Eduardo  Hardy,  the  first  Carnegie-Chilean  Fellow  (predoctoral)  at  the 
Hale  Observatories,  had  the  interesting  experience  of  working  with  Allan 
Sandage,  Staff  Member  of  the  Observatories,  and  Gustav  Tammann,  a  Re- 
search Associate  at  the  Observatories,  in  a  study  related  to  Sandage's  rede- 
termination of  the  Hubble  constant.  This  constant  is  a  basic  tool  in  inter- 
preting the  history  of  the  universe.  Sandage,  Tammann,  and  Hardy 
undertook  a  study  at  the  Observatories  of  "local"  galaxies  to  determine 
whether  or  not  there  was  any  local  deviation  of  the  universe  from  a  homo- 
geneous model.  A  hierarchical  (nonhomogeneous)  model  of  galaxy  distri- 
bution had  recently  been  suggested  by  workers  at  McDonald  Observatory. 
Sandage,  Tammann,  and  Hardy  concluded  from  their  observation  of  a  sam- 
ple thirty  galaxies  that  there  was  no  evidence  for  a  hierarchical  model  and 
that  the  homogeneous  model  justifiably  could  continue  to  be  postulated. 
Their  results  were  published  in  an  article  in  the  Astrophysical  Journal, 
"Limits  on  the  Local  Deviation  of  the  Universe  from  a  Homogeneous 
Model."  2 

Seminars 

Each  of  the  Departments  has  one  or  more  regularly  scheduled  seminars 
or  colloquia.  Thus  the  Hale  Observatories  conduct  the  Astrophysics  Re- 
search Conference,  a  colloquium  on  current  research  in  astrophysics,  optical 
astronomy,  and  radio  astronomy.  The  Conference  has  a  weekly  meeting,  at 
which  recent  results  of  research  are  presented  by  faculty,  guest  investigators, 
research  fellows,  and  invited  outside  speakers.  The  Department  of  Terres- 
trial Magnetism  conducts  three  seminar  series:  in  astrophysics,  in  geo- 
physics, and  in  biophysics.  In  addition,  DTM  this  year  conducted  for  the 
first  time  a  special  seminar  series  entitled  "Impact  of  Science  and  Tech- 
nology." Invited  discussants  included  Staff  Members  of  the  Institution, 
educators,  scientists,  news  analysts,  writers,  and  government  officials  from 
the  Washington,  D.C.,  community.  The  Department  of  Embryology  con- 
ducts an  Embryology  Seminar  that  meets  twice  weekly.  The  Department 
of  Plant  Biology  offers  a  weekly  seminar,  "Plant  Physiology,"  jointly  with 
Stanford  University.  The  same  Department  offers  a  second  seminar  series, 
"Current  Topics  in  Photosynthesis." 

Last  year  I  described  in  some  detail  the  Department  of  Terrestrial  Mag- 
netism's Biophysics   Seminar   Program   for   1970-1971    as   an   example   of 

2  Astrophysical  Journal,  172,  1972,  pp.  253-264. 
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TABLE  1.   Geophysical  Laboratory's  Geophysical  Seminar  Series,  1971-1972 


Date 


Discussion  Leader 


Topic 


September  16,  1971 
September  30 
October  7 
October  12 
October  14 

October  21 
October  28 
November  16 
November  23 
December  2 

December  8 
December  9 
December  16 

December  17 
December  20 
January  6,  1972 


January  7 
January  20 

January  27 


February  9 
Februarv  17 


March  9 
April  6 

April  13 
April  27 
May  2 

May  17 
June  22 


J.  H.  Bigelow  (The  Rand  Cor- 
poration) 

W.  M.  Elsasser  (University  of 
Maryland) 

T.  E.  Krogh  (Geophysical 
Laboratory) 

L.  W.  Finger  (Geophysical 
Laboratory) 

Y.  N.  Shieh  (McMaster  Uni- 
versity) 

J.  D.  Frantz  (The  Johns  Hop- 
kins University) 

S.  Saxena  (Goddard  Space 
Flight  Center) 

Roger  LeMaitre  (University 
of  Melbourne) 

M.  Raymond  (Geophysical 
Laboratory) 

S.  Deganello  (University  of 
Chicago) 


W.  B.  Bryan  (Woods  Hole 
Oceanographic  Institution) 

T.  C.  Hoering  (Geophysical 
Laboratory) 

Y.  Ohashi  (Harvard  Univer- 
sity) 

B.  I.  Gulson  (University  of 
Bern) 

A.  Nicolas  (University  of 
Nantes) 

P.  M.  Bell,  L.  W.  Finger, 
I.  Kushiro,  H.  K.  Mao,  and 
D.  Virgo  (Geophysical  Lab- 
oratory) 

G.  Ulmer  (Temple  University) 

H.  S.  Waff  (University  of 
Oregon) 

Moto  Sato  (U.  S.  Geological 
Survey) 

Charles  W.  Naeser  (U.  S.  Geo- 
logical Survey) 

B.  J.  Hensen  (Geophysical 
Laboratory) 

R.  N.  Thompson  (Geophysical 

Laboratory) 
R.  W.   Charles   (Geophysical 

Laboratory) 

I.  S.  Sacks  (Department  of 
Terrestrial  Magnetism) 

H.  Kroll  (University  of 
Miinster) 

D.  M.  Burt  (Geophysical 
Laboratory) 

R.  G.  J.  Strens  (Newcastle- 
upon-Tyne) 

A.  H.  Heuer  (Case  Western 
Reserve  University) 


Computer   methods   in   igneous   pet- 
rology. 
The  asthenosphere. 

Isotope  ages  of  rocks  of  the  Grenville 
province. 

An  introduction  to  the  computer  auto- 
mated probe  system. 

Oxygen  isotope  studies  on  rocks  from 
the  Grenville  province  and  other 
parts  of  the  Canadian  shield. 

HCl  buffers  and  their  application  to 
mineral-solute  equilibria. 

Rock-forming  crystalline  solutions. 

Petrology    of    Gough    Island,    South 

Atlantic. 
The  chemical  bond  in  silicates. 

A  thermal  study  of  yNa2BeF4:  the 
crystal  structure  at  25°  and  75°C 
and  its  anisotropic  thermal  ex- 
pansion. 

Problems  in  the  study  of  sea-floor 
basalts. 

Geolipids. 

Applications  of  crystal  structure  re- 
finements— atomic  thermal  vibra- 
tion and  site  energies. 

Nunarssukitization :  fact  or  fiction 

Plastic    deformation    in    alpine-type 

peridotites. 
Preview  of  talks  to  be  given  at  the 

third  Lunar  Science  Conference. 


Crystal  chemistry  of  Cr-spinels. 

Two-photon  absorption  and  crystal- 
field  splitting  in  rutile. 

Intrinsic  oxygen  fugacities  of  iron- 
bearing  minerals — theory  and  ap- 
plications. 

Fission  tracks:  annealing,  dating 
uranium  zoning  in  zircons. 

Divariant  reactions  involving  cordi- 
erite  and  garnet  as  pressure-temper- 
ature indicators. 

Petrogenesis  of  the  Eocene  lavas  of 
Skye,  N.  W.  Scotland. 

Physical  properties  and  phase-equi- 
librium studies  of  the  Fe-Mg  rich- 
terites. 

Q-structure  of  the  earth's  mantle  and 
core. 

Al,  Si  distribution  in  alkali  feldspars. 

Some  applications  of  theoretical  geo- 
chemistry to  the  study  of  skarn 
deposits. 

Crystal-field  calculations  and  applica- 
tions to  rock-forming  silicates. 

Electron  microscopy  studies  of  lunar 
pyroxenes  and  plagioclases. 
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seminar  activities  within  the  Institution.  This  year  I  should  like  to  illustrate 
the  seminars  within  the  Institution's  Departments  by  a  reference  to  the 
Geophysical  Seminar  Series  of  the  Geophysical  Laboratory  in  Washington. 
As  is  the  custom  for  all  Departments,  speakers  in  the  Geophysical  seminars 
included  outside  scientists,  Staff  Members,  and  fellows.  Although  most  of 
the  seminar  topics  related  to  the  petrologic  and  petrographic  fields  in  which 
the  Laboratory  specializes,  other  pertinent  topics  were  included,  such  as  a 
discussion  of  the  computer  automated  probe  system,  and  the  Laboratory's 
contributions  to  the  third  Lunar  Science  Conference.  The  topics  and  prin- 
cipal speakers  of  the  seminar  series  for  the  year  are  given  in  Table  1. 

In  addition  to  the  Geophysical  Seminar  Series,  the  Geophysical  Labora- 
tory also  acted  as  host  to  the  "Washington  Crystal  Colloquium,"  a  monthly 
assembly  of  crystallographers  from  the  Washington  area,  and  to  the 
Petrologists'  Club.   The  meetings  of  both  are  open  to  fellows  and  students. 

Cooperation  of  Other  Institutions  in  the  Instructional  Program 

The  Institution  has  had  especially  close  working  relationships  through  the 
years  with  three  universities:  California  Institute  of  Technology,  Stanford 
University,  and  The  Johns  Hopkins  University. 

At  the  Hale  Observatories  the  facilities  available  to  Caltech  and  Carnegie 
Institution  faculty  and  students  are  separately  owned  and  financed  by  the 
two  organizations.  However,  since  1948  the  scientific  and  instructional  pro- 
grams at  the  Observatories  have  been  jointly  administered  and  jointly  con- 
ducted. Palomar  Observatory  and  Big  Bear  Observatory,  owned  by  Caltech, 
and  Mount  Wilson  Observatory  and  Las  Campanas  Observatory,  owned  by 
the  Carnegie  Institution,  are  available  to  staff,  fellows,  and  students  from 
both  institutions  (and  to  guest  investigators  as  well).  Indeed,  much  of  the 
time  assigned  to  students  and  fellows  on  the  telescopes  of  the  two  organiza- 
tions is  at  the  Mount  Wilson  100-inch  and  60-inch  telescopes.  On  the  100- 
inch,  39  percent  of  the  year's  observing  time  was  taken  by  students  and 
fellows,  and  on  the  60-inch,  59  percent  of  the  time. 

The  associations  of  the  Institution  with  Stanford  University  and  The 
Johns  Hopkins  University  are  of  even  longer  standing  than  that  with  the 
California  Institute  of  Technology.  The  Department  of  Embryology,  which 
was  first  located  on  The  Johns  Hopkins  Medical  School  campus  and  more 
recently  on  the  main  Homewood  Campus,  has  continued  an  association 
with  Johns  Hopkins  for  almost  sixty  years;  that  of  the  Department  of  Plant 
Biology  with  Stanford  has  extended  over  nearly  fifty  years.  In  both  cases 
there  is  free  and  stimulating  collaboration  between  faculty  and  fellows  of 
the  Institution  and  faculty  and  students  of  the  universities.  Selected  pre- 
doctoral  students  have  been  welcomed  at  each  Department  and,  as  has 
already  been  illustrated  for  the  Department  of  Embryology,  they  have  made 
many  distinctive  contributions  to  the  Departments'  work  during  their 
training. 

The  collaboration  of  the  Institution  with  other  universities  also  has  been 
cultivated,  particularly  by  the  Geophysical  Laboratory  and  the  Department 
of  Terrestrial  Magnetism,  located  in  Washington,  D.C.  At  the  Geophysical 
Laboratory  students  from  four  American  universities  and  one  Canadian 
university  carried  on  predoctoral  work  during  the  year.  At  the  Department 
of  Terrestrial  Magnetism  students  from  twelve  United  States  universities 
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and  colleges  and  two  South  American  universities  engaged  in  their  studies. 
Almost  all  the  students  studied  topics  related  to  their  theses,  or  their  thesis 
fell  under  the  direct  supervision  of  a  Staff  Member  or  Members  of  the 
Department.  The  freedom,  flexibility,  and  good  will  with  which  these  col- 
laborations are  carried  out  are  illustrated  by  the  cases  of  two  students  asso- 
ciated with  the  Astrophysics  Section  of  the  Department  of  Terrestrial  Mag- 
netism. John  Warner,  a  doctoral  candidate  in  astronomy  at  the  Ohio  State 
University,  carried  out  an  observing  program  under  the  supervision  of  Kent 
Ford  and  Vera  Rubin  of  the  Astrophysics  Section,  using  a  DTM  image  tube 
spectrograph  on  a  telescope  at  Lowell  Observatory  in  Arizona.  Jean  Goad, 
a  doctoral  candidate  in  astronomy  at  Harvard  University,  began  an  observ- 
ing program  at  Kitt  Peak  National  Observatory  under  Dr.  Rubin's  super- 
vision. 

Faculty  members  of  the  Institution  Departments  also  lecture  and  con- 
duct seminars  at  universities  and  other  educational  institutions  in  the  coun- 
try. For  example,  during  the  year  Staff  Members  and  fellows  of  the  Depart- 
ment of  Plant  Biology  gave  thirty-nine  seminars  and  lectures  outside  their 
own  Department;  fourteen  of  these  were  given  by  postdoctoral  fellows. 

Some  facilities  of  the  Institution  are  used  by  faculty  members  and  stu- 
dents of  other  universities  even  though  there  may  be  little  or  no  research 
collaboration  with  Institution  Staff  Members  or  fellows.  Observing  time 
was  given  on  the  Mount  Wilson  and  Palomar  Mountain  telescopes  to  guest 
investigators  from  fifteen  United  States  universities  (other  than  California 
Institute  of  Technology)  and  seven  foreign  universities.  By  arrangement 
10  percent  of  the  observing  time  on  the  Institution's  telescopes  at  Las  Cam-. 
panas  Observatory  is  reserved  for  astronomers  at  the  University  of  Chile  or 
other  Chilean  institutions.  The  two  botanical  field  stations  of  the  Depart- 
ment of  Plant  Biology  in  the  Sierra  Nevada  were  used  by  students  and 
faculty  of  three  California  institutions  of  higher  learning. 

The  Institution  also  cooperates  with  universities  in  the  management  of 
certain  research  facilities  needed  for  field  study  or  observation  outside  the 
United  States,  particularly  in  South  America.  It  has  recently  assisted  the 
University  of  Buenos  Aires  in  the  management  of  the  Institute  Argentino  de 
Radioastronomia  at  La  Plata,  Argentina.  The  Institution  also  collaborates 
with  faculty  members  at  the  Universidad  Nacional  de  San  Agustin  Arequipa, 
Peru,  on  the  maintenance  of  a  network  of  seismological  stations  used  for 
geophysical  observations  by  Staff  Members  and  fellows  of  the  Department 
of  Terrestrial  Magnetism. 

In  a  further  recognition  of  a  special  relation  to  Chile  because  of  the  loca- 
tion of  Las  Campanas  Observatory  there,  the  Institution  proposed  this  year 
to  support  a  Chilean  student  of  electronics  for  postgraduate  study  in  the 
United  States.  I  concluded  an  agreement  with  President  Salvador  Allende 
of  the  Republic  of  Chile  in  October  of  1971  for  the  award  and  maintenance 
of  this  fellowship.  The  award  will  be  made  by  a  committee  chaired  by  the 
Dean  of  the  Faculty  of  the  University  of  Chile.  We  hope  that  the  first  holder 
of  the  fellowship  will  be  in  the  United  States  early  in  1973. 

Future  Objectives  of  the  Instructional  Program 

Several  statements  in  Year  Book  71  reaffirm  in  new  context  the  educa- 
tional objectives  that  the  Institution  has  had  for  many  years.    Hatten  S. 
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Yoder,  Jr.,  who  became  Director  of  the  Geophysical  Laboratory  this  year, 
stated  the  objectives  succinctly  when  he  said  that  in  the  Geophysical  Lab- 
oratory "The  graduate  student  is  given  a  most  unusual  opportunity  to  pur- 
sue his  research  with  the  combined  staff  and  facilities  of  his  home  university 
and  those  of  the  Laboratory.  He  .  .  .  enjoys  an  acceptance  commensurate 
with  his  capabilities  and  willingness  to  learn.  The  postdoctoral  fellow  is 
granted  a  period  of  time  to  expand  to  his  full  capacities  without  restraint. 
He  is  nurtured  until  ready  to  assume  leadership  in  the  scientific  community." 
James  D.  Ebert,  Director  of  the  Department  of  Embryology,  in  the  Intro- 
duction to  his  Report,  added:  "For  student  and  Staff  Member  alike,  the 
Department  [of  Embryology]  provides  an  environment  favoring  .  .  .  valu- 
able thinking:  patience,  detachment,  and  concentration.  It  is  an  environ- 
ment in  which  one  can  give  his  own  intuitions  their  proper  weight  in  relation 
to  the  judgment  of  the  group.  Finally,  it  is  an  environment  in  which  .  .  . 
the  establishment  of  the  relations  of  one's  own  contribution  to  important 
concepts  in  the  world  of  thought  ...  is  a  conscious,  purposive  part  of  the 
student's  training." 

That  Staff  Members  are  themselves  deeply  involved  in  learning  and  in  the 
educational  process  is  further  illustrated  in  Thomas  Aldrich's  Introduction 
to  the  report  of  the  Geophysics  Section,  which  he  directs  at  the  Department 
of  Terrestrial  Magnetism.  As  he  describes  what  he  and  his  associated  staff 
and  students  have  tried  to  do,  Dr.  Aldrich  says,  "The  current  activities  of 
the  group  may  perhaps  be  characterized  by  efforts  to  understand  the  proc- 
esses by  which  the  present  distribution  of  land  masses,  earthquake  activity, 
and  the  chemical  elements  themselves  were  attained.  ...  In  this  process  of 
personal  staff  involvement  .  .  .  one  of  us  has  transferred  his  principal  efforts 
from  seismology  to  geochemistry,  while  another  has  left  geochemistry  to 
study  electrical  conductivity  in  the  crust  and  upper  mantle.  We  are  grateful 
for  such  opportunity  for  change  and  growth  within  the  structure  of  the 
Institution."  One  can  only  add  that  it  is  change  and  growth,  not  only  on  the 
part  of  students  and  postdoctoral  fellows,  but  also  on  the  part  of  the  faculty 
itself,  that  has  made  the  Institution  what  it  is. 

LOSSES  .    .    . 

It  is  with  regret  that  I  must  report  the  resignation  of  Amory  Howe  Brad- 
ford, Trustee,  which  was  accepted  by  the  Board  of  Trustees  at  its  meeting 
on  May  5,  1972.  Mr.  Bradford  has  been  a  member  of  the  Board  since  1959 
and  entered  willingly  and  most  helpfully  into  the  Board's  many  contribu- 
tions to  the  Institution's  progress  during  the  thirteen  years  of  his  Trustee- 
ship. He  served  on  the  Nominating  Committee  from  1961  to  1964,  and  was 
its  Chairman  from  1962  to  1964.  He  served  on  the  Executive  Committee 
from  1962  to  1967,  and  on  the  Retirement  Committee  from  1968  until  his 
resignation.  Mr.  Bradford  brought  to  the  Board  a  broad  background  from 
the  law,  diplomacy,  and  journalism.  He  was  a  member  of  the  staff  of  The 
New  York  Times  from  1947  to  1963,  where  he  served  as  Vice  President  and 
Business  Manager  from  1957  to  1960  and  as  Vice  President  and  General 
Manager  from  1960  to  1963.  He  was  later  Assistant  General  Business  Man- 
ager of  the  Scripps-Howard  Newspapers.  His  diplomatic  experience  included 
service  with  the  Department  of  State  and  the  North  Atlantic  Treaty  Organ- 
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ization.  His  membership  on  our  Board  of  Trustees  was  only  one  of  a  number 
of  such  posts  he  has  held  with  public  service  organizations,  which  included 
the  Council  on  Foreign  Relations,  the  National  Audubon  Society,  the  New 
York  Regional  Plan  Association,  and  the  Yale  University  Council. 

Sylvia  Burd,  Senior  Research  Assistant  at  the  Hale  Observatories,  retired 
this  year  after  thirty-one  years  of  dedicated  service.  Miss  Burd's  skill  in 
the  measurement  of  stellar  spectrograms  was  highly  valued  and  seemed  only 
to  increase  with  time.  The  many  acknowledgments  of  her  work  to  be  found 
in  the  research  papers  of  the  Observatories  bear  witness  to  her  contribution 
to  astronomy  and  the  esteem  in  which  she  is  held  by  the  staff. 

It  is  with  regret  that  I  must  also  report  the  deaths  of  three  former  Staff 
Members  of  Institution  Departments. 

Milton  L.  Humason,  Staff  Member  of  the  Hale  Observatories  from  1917 
to  1957,  died  on  June  18,  1972.  His  most  important  contributions  were  in  the 
spectrographic  study  of  very  faint  and  distant  objects.  It  was  largely  from 
the  measurements  of  velocity  furnished  by  his  early  spectrograms  of  distant 
galaxies  that  Edwin  P.  Hubble  developed  his  famous  hypothesis  of  an 
expanding  universe.  In  1928,  at  Hubble's  request,  Humason  began  a  long 
series  of  spectrographic  observations  of  galaxies  designed  to  investigate  the 
relation  between  the  redshift  and  the  apparent  brightness  of  the  objects.  After 
1950,  with  the  greater  light-gathering  power  of  the  Hale  telescope,  he  was 
able  to  extend  the  record  of  the  spectra  of  galaxies  to  distances  in  space 
previously  unattainable.  In  the  course  of  his  extensive  and  precise  observa- 
tions he  accumulated  redshift  measurements  of  620  separate  galactic  objects. 
One  of  his  achievements  was  the  development  of  procedures  for  locating 
images  accurately  on  the  slit  of  the  spectrograph  and  holding  them  there 
through  long  exposures. 

From  1948  until  his  retirement  Dr.  Humason  was  Secretary  of  the  Mount 
Wilson  and  Palomar  Observatories,  effectively  handling  many  administra- 
tive tasks  in  addition  to  his  scientific  work. 

John  W.  Graham,  a  former  Carnegie  Fellow  and  Staff  Member  at  the 
Department  of  Terrestrial  Magnetism  from  1947  to  1958,  died  October  16, 
1971.  He  was  noted  for  his  direct  demonstrations  of  the  large  effects  of 
magnetostriction  on  the  remanent  magnetization  of  rock  samples,  as  meas- 
ured after  they  had  been  uncovered  by  erosion  and  affected  by  other  geo- 
logical processes.  Dr.  Graham's  work  was  of  great  importance  in  tracing  the 
history  of  the  earth's  magnetic  field  at  remote  geologic  times. 

James  S.  Potter,  Carnegie  Fellow  and  a  Staff  Member,  of  the  Department 
of  Genetics  from  1938  to  1944,  died  on  March  6,  1972.  His  research  was  a 
significant  contribution  to  the  study  of  the  mechanism  by  which  hereditary 
characteristics  are  transmitted  from  parents  to  offspring.  Dr.  Potter  and 
Dr.  E.  C.  MacDowell,  also  of  the  Genetics  Department,  demonstrated  the 
profound  influence  of  genetically  controlled  variables  upon  the  incidence  of 
leukemia  in  mice,  permitting  detailed  study  of  this  cancer  by  controlled 
experimental  analysis. 

.    .    .  AND  GAINS 

I  am  pleased  to  announce  the  following  honors  to  Staff  Members  during 
the  past  year. 
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Hatten  S.  Yoder,  Jr.,  Director  of  the  Geophysical  Laboratory,  has  been 
awarded  the  first  annual  Arthur  L.  Day  Prize  and  Lectureship  of  the 
National  Academy  of  Sciences  for  his  distinguished  work  in  geophysical 
sciences.  Dr.  Yoder  was  also  appointed  to  the  Geological  Sciences  Advisory 
Panel  of  the  Los  Alamos  Scientific  Laboratory  and  was  elected  President 
of  the  Mineralogical  Society  of  America. 

Allan  Sandage  of  the  Hale  Observatories  received  the  Henry  Norris 
Russell  Prize  for  1972  from  the  American  Astronomical  Society.  The  Prize, 
the  most  prestigious  award  of  the  A.A.S.,  was  given  to  Dr.  Sandage  in  recog- 
nition of  his  outstanding  contributions  to  the  study  of  stellar  populations, 
stellar  evolution,  star  clusters,  classification  of  galaxies,  and  calibration  of 
the  distance  indicators  required  to  determine  the  Hubble  (expansion)  con- 
stant of  the  universe. 

Roy  J.  Britten  of  the  Department  of  Terrestrial  Magnetism  was  elected  to 
membership  in  the  National  Academy  of  Sciences. 

Alfred  D.  Hershey,  Director  of  the  Genetics  Research  Unit,  received  the 
honorary  degree  of  Doctor  of  Science  from  The  Rockefeller  University. 

Barbara  McClintock  of  the  Genetics  Research  Unit  also  was  made  an 
honorary  Doctor  of  Science  by  Williams  College. 

Francis  R.  Boyd  of  the  Geophysical  Laboratory  was  elected  President  of 
the  Geochemical  Society. 

Vera  Rubin  of  the  Department  of  Terrestrial  Magnetism  has  been  named 
Associate  Editor  of  the  Astronomical  Journal. 

Felix  Chayes  of  the  Geophysical  Laboratory  was  made  Associate  Editor 
of  the  Bulletin  of  the  Geological  Society  of  America. 


34  CARNEGIE     INSTITUTION 

FACULTY,  FELLOWS,  AND  STUDENTS 
1971-1972 

Department  of  Embryology 
Baltimore,  Maryland 

Director 
James  D.  Ebert 

Staff  Members 

Donald  D.  Brown 
Igor  B.  Dawid 
Robert  L.  DeHaan 
Douglas  M.  Fambrough 
Ronald  H.  Reeder 

Fellows 

Leonard  P.  Gage 

Robert  Hay 

Tasuku  Hon  jo 

Ivan  Horak 

Paul  Lizardi 

Terence  F.  McDonald 

Eijiro  Ozawa 

Jeanne  Powell 

Robert  G.  Roeder 

Howard  G.  Sachs 

Kazunori  Sugimoto 

Yoshiaki  Suzuki 

Guang-Jer  Wu 

Masako  Yoshikawa-Fukada 

Assistant  Investigators 

Charles  W.  Orr 
John  E.  Rash 
Peter  J.  Stambrook 

Students  or  Predoctoral  Fellows 

Daniel  A.  Beneski 
Sandra  L.  Biroc 
E.  Antonio  Carpenter  II 
John  Chase 
Paul  H.  Chew 
Thomas  E.  Durr 
H.  Criss  Hartzell 
Dennis  E.  Leister 
Ronald  L.  Poland 
Linda  J.  Reha 
Hedwig  A.  Seski 
Ralph  H.  Stern 
Pieter  C.  Wensink 
Barry  C.  Wishner 


report   of    the    president 

Geophysical  Laboratory 
Washington,  D.C. 

Director 
Hatten  S.  Yoder,  Jr. 

Staff  Members 

Peter  M.  Bell 
Francis  R.  Boyd 
Felix  Chayes 
Gordon  L.  Davis 
Larry  W.  Finger 
P.  Edgar  Hare 
Thomas  C.  Hoering 
Thomas  E.  Krogh 
Ikuo  Kushiro  x 
Robert  N.  Thompson  2 
David  Virgo 

Emeritus  Research  Associate 
Emanuel  Zies 

Senior  Fellow 
B.  G.  J.  Upton 

Postdoctoral  Fellows 

Jagannadham  Akella 
Donald  M.  Burt 
John  S.  Dickey,  Jr. 
Bastiaan  J.  Hensen 
Albrecht  W.  Hofmann 
Ho-Kwang  Mao 
James  M.  Mattinson 
Karlis  Muehlenbachs 
Yoshikazu  Ohashi 
Michael  G.  Raymond 
Douglas  Rumble 
Martin  G.  Seitz 
Douglas  Smith 

Predoctoral  Fellows 

Kenneth  L.  Cameron 
Maryellen  Cameron 
Robert  W.  Charles 
Kenneth  King,  Jr. 
D.  James  Misener 
Peter  J.  Modreski 

1  Temporary  Staff  Member  from  Septem- 
ber 16,  1971. 

2  Temporary  Staff  Member  from  October 
1,  1971. 


36 


CARNEGIE     INSTITUTION 


Hale  Observatories 
Pasadena,  California 

Director 

Horace  W.  Babcock 

Associate  Director 
J.  Beverley  Oke 

Distinguished  Service  Member 
Ira  S.  Bowen 

Staff  Members 

Halton  C.  Arp 
Edwin  W.  Dennison 
Jesse  L.  Greenstein 
James  E.  Gunn 
Robert  F.  Howard 
Jerome  Kristian 
Robert  B.  Leighton 
Guido  Munch 
Gerry  Neugebauer 
George  W.  Preston  III 
Allan  R.  Sandage 
Wallace  L.  W.  Sargent 
Maarten  Schmidt 
Leonard  T.  Searle 
Arthur  H.  Vaughan,  Jr. 
Olin  C.  Wilson 
Harold  Zirin 

Staff  Associates 

Eric  E.  Becklin 
Andrew  P.  Ingersoll 
James  A.  Westphal 


Fellows 

David  A.  Allen 
Robert  J.  Brucato 
Michael  M.  Dworetsky 
Peter  V.  Foukal 
Christopher  F.  McKee 
Jay  M.  Pasachoff 
Michael  V.  Penston 
Stephen  W.  Prata 
William  J.  Quirk 
Jean  Pierre  Swings 
Katsuo  Tanaka 
Richard  E.  White 
Robert  R.  Zappala 


REPORT    OF     THE     PRESIDENT  37 

Carnegie-Chilean  Fellow 
Eduardo  Hardy 

Student  Observers 

Marc  Aaronson 
Richard  Green 
Olav  L.  Hansen 
Paul  Harvey 
James  A.  Howell 
John  P.  Huchra 
Robert  P.  Kirshner 
John  Kormendy 
Steven  J.  Loer 
Augustus  Oemler,  Jr. 
Stephen  A.  Shectman 
Gregory  A.  Shields 
Barry  E.  Turnrose 
Glenn  J.  Veeder 
Bruce  Waddington 
Steven  P.  Willner 
Theodore  B.  Williams 


Department  of  Plant  Biology 
Stanford,  California 

Director 
C.  Stacy  French 

Staff  Members 

OUe  Bjorkman 
Jeanette  S.  Brown 
David  C.  Fork 
Malcolm  A.  Nobs 

Staff  Member  Emeritus 
William  M.  Hiesey 

Guest  Investigators 

Hemming  Virgin 
Atusi  Takamiya 

Fellows 

Joseph  A.  Berry 
George  Bowes 
William  G.  Hagar 
Tetsuo  Hiyama 
Norio  Murata 
Robert  W.  Pearcy 


38 


CARNEGIE     INSTITUTION 


Stanford  Students  and 
Postdoctoral  Fellows 

Sherry  DeRemer 
Andreas  Gigon 
Rachel  Hayes 
Robert  Hayes 
Trudy  Horning 
Louis  Pitelka 


Department  of  Terrestrial  Magnetism 
Washington,  D.C. 

Director 
Ellis  T.  Bolton 

Associate  Director 
L.  Thomas  Aldrich 

Section  Chairmen 

L.  Thomas  Aldrich,  Geophysics 

Dean  B.  Cowie,  Biophysics 

W.  Kent  Ford,  Jr.,  Astrophysics 

Distinguished  Service  Member 
Merle  A.  Tuve 

Staff  Members 

George  E.  Assousa 
Roy  J.  Britten 
Louis  Brown 
Dean  B.  Cowie 
W.  Kent  Ford,  Jr. 
Stanley  R.  Hart 
Bill  H.  Hoyer 
David  E.  James 
David  E.  Kohne 
Alan  T.  Linde 
Nancy  R.  Rice  1 
Richard  B.  Roberts 
Vera  C.  Rubin 
I.  Selwyn  Sacks 
Kenneth  C.  Turner 


Fellows 

Roger  J.  Avery 
Tom  I.  Bonner 

'Staff  Member  from  January  15,  1972; 
Fellow  from  November  12,  1970,  to  January 
14,  1972. 


REPORT    OF     THE     PRESIDENT  39 

LeRoy  M.  Dorman 
Sandra  M.  Faber 
Borwin  Grauert 
Cidambi  K.  Kumar 
Allan  T.  Leffler  II 
Hiromu  Okada 
Nancy  R.  Rice  x 
Urs  C.  Rohrer 
Nobumichi  Shimizu 
Akhaury  Krishna  Sinha 
Neil  A.  Straus 
Norbert  Thonnard 

Trainee  Fellows 
Peggy  L.  Aldrich 
Deborah  I.  Allen 
Rachel  L.  Boothe 
Arturo  Cuyubamba 
William  S.  Greene  III 
Douglas  M.  Haefele 
Jack  M.  Klitzman 
Soren  Lundsager 
Patricia  M.  Paul 
Ricardo  Quiroga 
David  M.  Rubin 
Enrique  Triep 
Willie  Wright  III 

'Staff  Member  from  January  15,  1972; 
Fellow  from  November  12,  1970,  to  January 
14,  1972. 


Reports  of  Departments 
and  Special  Studies 


Department  of  Embryology 

Department  of  Plant  Biology 

Department  of  Terrestrial  Magnetism 

Geophysical  Laboratory 

Hale  Observatories 


Department  of  Embryology 


Baltimore,  Maryland 

James  D.  Ebert 
Director 


Carnegie  Institution  oj  Washington  Year  Book  71,  1971-1972 


Contents 


Introduction 7 

The  Isolation  of  Genes  and  the  Study  of  Their  Structure,  Evolution,  and  Control    .  10 

Purification  and  characteristics  of  the  5S  DNA  of  Xenopus  mulleri      ....  10 

The  heterogeneity  of  5S  DNA 13 

The  relevance  of  repetitious  DNAs  to  the  antibody  dilemma 14 

Transcription  of  chromatin  by  bacterial  and  eukaryotic  RNA  polymerases      .      .  15 

Analysis  of  RNA  polymerases  in  oocytes  and  embryos  of  Xenopus  laevis    ...  17 

The  genes  for  silk  fibroin  in  Bombyx  mori 19 

Enzymatic  synthesis  of  DNA  complementary  to  silk  fibroin  mRNA  (from  Bombyx 

mori) 21 

Satellite  DNAs  of  Xenopus  mulleri 22 

Biogenesis  of  Mitochondria 22 

Relatedness  of  mitochondrial  DNA  of  different  animals 22 

Propagation  of  both  parental  mitochondrial  DNAs  in  somatic  cell  hybrids  .  .  24 
Isolation   and   properties   of  mitochondrial   RNA   polymerase   from   ovaries   of 

Xenopus  laevis 25 

A  comparison  of  the  mitochondrial  and  cytoplasmic  ribosomes  of  Xenopus  laevis  29 
A  comparison  of  electrophoretic  and  melting  properties  of  mitochondrial  rRNA  of 

Xenopus  and  cytoplasmic  rRNA  of  Drosophila 30 

Cell  Differentiation  and  Viral  Susceptibility 33 

Biochemical  characteristics  of  normal  and  virally  transformed  mouse  cell  lines      .  33 

Changes  in  Membrane  Potential  during  the  Cell  Cycle 34 

The  Incorporation  and  Uptake  of  Uridine,  and  Uridine  Kinase  Activity  during  the 

Cell  Cycle 36 

Studies  on  Muscle  Fiber  Membranes 39 

Acetylcholine  receptors  in  skeletal  muscle  fiber  membranes 39 

Receptor  production  and  incorporation  into  membranes  of  developing  muscle 

fibers 40 

Acetylcholine  receptor  distribution  during  early  nerve-muscle  interaction     .      .  42 

Number  and  distribution  of  acetylcholine  receptors  in  adult  skeletal  muscle  fibers  43 

Acetylcholine  receptor  density  in  denervated  muscle  fiber  membranes     ...  43 
Electrical  properties  and  acetylcholine  sensitivity  of  normal  and  dysgenic  mouse 

skeletal  muscle  in  culture 44 

Fluidity  of  the  surface  of  cultured  muscle  fibers :  rapid  lateral  diffusion  of  marked 

surface  antigens 47 

Electrical  coupling  and  cytoplasmic  fusion  during  myogenesis 49 

Muscle-like  Arrays  in  a  Fibroblast  Line 50 

Electrophysiological  Development  of  Cardiac  Tissue 50 

Changes  in  cell  ion  content  and  membrane  potential  during  cardiac  development    .  50 

Possible  relationship  of  ionic  changes  to  development 57 

Potassium  sensitivity  of  heart  cell  aggregates 58 

Sensitivity  to  tetrodotoxin 60 

Synchronization  of  cultured  heart  cells 65 


The  Collection  of  Human  Embryos 67 

Developmental  stages  in  human  embryos 67 

Development  of  the  nervous  system 67 

Development  of  the  larynx 68 

Development  of  the  urinary  system 68 

Development  of  the  hip  joint 68 

Techniques 68 

An  autoradiographic  scanning  method 68 

Staff  Activities 70 

Bibliography 72 

Personnel 74 


INTRODUCTION 


Most  persons  think  that  a  state  in  order  to  be  happy  ought  to  be  large ; 
but  even  if  they  are  right,  they  have  no  idea  of  what  is  a  large  and  what 
is  a  small  state.  ...  To  the  size  of  states  there  is  a  limit,  as  there  is  to 
other  things,  plants,  animals,  implements;  for  none  of  these  retain  their 
natural  power  when  they  are  too  large  or  too  small,  but  they  either 
wholly  lose  their  nature  or  are  spoiled. 

Aristotle,  322  b.c. 


In  1971-1972  the  research  nucleus  of 
the  Department  comprised  six  principal 
investigators,  to  be  augmented  as  this 
report  goes  to  press  by  a  seventh.  Their 
efforts  are  amplified  by  the  contributions 
of  twenty  to  twenty-five  postdoctoral  fel- 
lows and  graduate  students,  by  an  excep- 
tionally effective  supporting  staff  num- 
bering about  thirty,  and  by  an  ever- 
widening  circle  of  visiting  investigators 
and  collaborators  around  the  world. 

As  research  laboratories  go,  ours  is 
relatively  small;  in  the  field  of  develop- 
mental biology  it  is  relatively  large. 
Throughout  the  years,  the  constraints 
on  its  growth  have  been  deliberate.  Its 
size  is,  we  believe,  appropriate  to  the  dis- 
cipline. Its  character  is  by  and  large 
unchanged.  It  still  welcomes  the  investi- 
gator who  must  "drink  from  his  own 
cup."  At  the  same  time  it  has  encouraged 
the  informal  association  of  small  research 
groups.  Fellows  and  students  are  not 
assigned  to  groups ;  such  assignments  are 
rarely  successful,  for  such  an  individual 
usually  finds  no  comfort  in  the  knowl- 
edge that  nothing  can  really  be  his  own. 
When  a  group  springs  up  naturally,  how- 
ever, its  members  are  able,  in  Jack 
Schultz's  words,  "to  view  the  catalysis 
that  goes  on  within  them  as  something 
else  than  a  threat  to  the  individual,  as 
ever  offering  possibility  for  his  greater 
fulfillment." 

Despite  its  smallness,  the  Depart- 
ment's ecology  is  not  easily  described. 
There  are  two  informal  "associations" — 
two  principal  streams  of  activity — one 
centered  on  the  isolation  of  genes,  both 
nuclear  and  mitochondrial,  and  the  study 


of  their  structure,  evolution,  and  con- 
trol; and  the  other  emphasizing  the  de- 
velopment of  membranes,  especially  in 
cardiac  and  skeletal  muscle.  Within  each 
stream  there  are  single  scullers  and  two- 
and  four-man  crews.  More  significant  is 
the  fact  that  it  is  not  a  difficult  portage 
from  stream  to  stream.  At  points,  the 
streams  are  nearly  confluent;  the  re- 
search of  the  Department  is  seen  to  be 
a  continuum.  It  was  Heraclitus  who 
wrote,  "In  the  circumference  of  a  circle, 
the  beginning  and  end  are  common." 
Genes  direct  the  synthesis  of  the  com- 
ponents of  cell  membranes  and  are  in  turn 
regulated  (in  ways  we  are  only  begin- 
ning to  perceive)  by  signals  from  the  cell 
membrane. 

It  is  altogether  fitting  that  modern 
molecular  genetics  encompasses  the  cell 
membrane,  for  as  Schultz  perceived  in 
his  provocative  article  "New  Ideas,"  cy- 
tology, cell  physiology  (with  its  ardor 
for  the  mechanistic  conception  of  life), 
and  experimental  embryology,  in  combi- 
nation with  the  biochemical  disciplines, 
form  the  root  stock  of  molecular  genetics. 

Our  exploration  of  the  relations  be- 
tween membrane  and  nucleus  is  illus- 
trated by  the  appearance  during  the  year 
of  articles  in  Proceedings  of  the  National 
Academy  of  Sciences  by  Orr,  Yoshikawa- 
Fukada,  and  Ebert;  and  in  Develop- 
mental Biology  (the  volume  dedicated  to 
the  late  Edgar  Zwilling)  by  McDonald, 
Sachs,  Orr,  and  Ebert.  These  articles  pre- 
sent data  upon  which  the  authors  have 
based  their  argument,  advanced  in  last 
year's  Report,  that  the  cell  membrane 
potential  may  play  a  role  in  the  regula- 
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tion  of  DNA  synthesis.  Peter  Stambrook, 
who  joined  the  Department  during  the 
year  as  an  Assistant  Investigator,  has 
continued  to  pursue  this  question.  In  pre- 
liminary studies  with  Sachs  and  Ebert, 
he  has  investigated  changes  in  the  mem- 
brane potential  during  the  cell  cycle. 
The  initial  findings  with  synchronized 
Chinese  hamster  cells  have  been  encour- 
aging. Cells  in  late  Gi  have  a  relatively 
low  membrane  potential  which  rises 
abruptly  at  about  the  time  DNA  syn- 
thesis begins.  The  potential  remains 
stable  through  the  S  and  G2  periods  and 
drops  as  the  cells  enter  metaphase. 

In  an  article  submitted  to  Develop- 
mental Biology,  John  Rash  and  Douglas 
Fambrough  have  also  advanced  an  un- 
usually interesting  hypothesis,  that  cell 
coupling  by  means  of  gap-like  junctions 
is  a  stage  preparatory  to  cytoplasmic 
fusion  of  myogenic  cells.  Although  the 
evidence  is  circumstantial,  its  weight  is 
almost  compelling;  the  work  is  impres- 
sive, to  say  the  least.  Rash  and  Fam- 
brough have  successfully  used  electro- 
physiological techniques  to  observe  the 
initiation  of  electrical  coupling  between 
acetylcholine-sensitive  myogenic  cells, 
to  determine  the  moment  of  fusion  be- 
tween cell  pairs  and  to  identify  a  number 
of  recently  fused  cells.  Electron  micro- 
scopic analysis  of  cells  characterized  by 
these  techniques  has  revealed  a  mem- 
brane specialization  resembling  the  gap 
junction,  which  may  mediate  electrical 
coupling,  and  has  demonstrated  the  ra- 
pidity of  membrane  disappearance  fol- 
lowing the  establishment  of  cytoplasmic 
continuity. 

Fambrough  has  also  reported  substan- 
tial gains  in  his  continuing  studies  of 
acetylcholine  receptors  in  skeletal  muscle 
fibers.  Using  the  sensitive  a-bungaro- 
toxin  binding  technique,  he  has  been  able 
to  develop  a  quantitative  description  of 
the  number  and  spatial  distribution  of 
acetylcholine  receptors  in  muscle  fiber 
membranes.  In  an  article  scheduled  to 
appear  in  Developmental  Biology,  Fam- 


brough and  his  student,  Criss  Hartzell, 
have  described  the  course  of  receptor  pro- 
duction and  incorporation  into  mem- 
branes of  developing  muscle  fibers.  The 
appearance  of  new  receptors  can  be 
studied  by  saturating  all  existing  re- 
ceptor sites  with  snake  toxin  and  then 
studying  the  recovery  of  acetylcholine 
sensitivity  (or  the  appearance  of  new 
bungarotoxin  binding  sites).  Early  in 
myotube  growth,  new  receptors  appear  in 
the  membrane  at  the  rate  of  90  receptors/ 
fxxn2  of  membrane  per  hour.  Since  there 
is  a  concurrent  increase  in  surface  area, 
the  receptor  density  increases  at  only  35 
receptors/^m2  per  hour.  Their  appear- 
ance is  random,  and  the  total  population 
is  rather  uniformly  distributed  over  the 
surface.  Cycloheximide,  which  blocks 
protein  synthesis,  also  prevents  the  ap- 
pearance of  receptors,  although  not  im- 
mediately. There  is  a  delay  after  pro- 
tein synthesis  is  blocked,  before  receptor 
inhibition  is  maximal,  suggesting  the 
presence  of  a  "pool"  of  intracellular  re- 
ceptors not  yet  released,  or  a  set  of  non- 
functional receptors  ready  to  be  acti- 
vated. 

Jeanne  Powell,  a  member  of  the  faculty 
of  the  Department  of  Biological  Sciences 
at  Smith  College,  spent  six  months  as  a 
Carnegie  Fellow  in  Fambrough's  labora- 
tory. They  collaborated  on  a  study  of  the 
development  of  muscle  cells  obtained 
from  the  mutant  mouse,  muscular  dys- 
genesis, exploring  the  usefulness  of  nor- 
mal and  mutant  mouse  myogenic  cells 
as  experimental  objects  for  studies  of  the 
behavior  of  developing  membranes.  Mu- 
tant myotubes  show  no  spontaneous 
twitches  and  fail  to  twitch  in  response  to 
cathodal  stimulation.  Other  investigators 
have  shown  that  the  contractile  appa- 
ratus appears  to  be  normal,  and  Powell's 
analysis  suggests  that  the  passive  mem- 
brane constants  and  action  potentials  of 
the  mutant  muscle  are  similar  to  those 
of  muscle  from  normal  mice.  It  is  sug- 
gested that  there  may  be  an  abnormality 
in  the  excitation  coupling  mechanism. 
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Another  poison,  the  Puffer-fish  poison, 
tetrodotoxin,  has  been  used  by  McDon- 
ald, Sachs,  and  DeHaan  to  explore  the 
development  of  sodium  channels  in  the 
membranes  of  developing  heart  cells. 
Tetrodotoxin  is  known  to  inhibit  the  in- 
ward sodium  current  and  to  abolish  pace- 
maker activity  in  cells  in  which  action 
potential  generation  depends  on  an  in- 
crease in  sodium  conductance.  In  the 
four-day-old  chick  embryo  the  heart  is 
insensitive  to  tetrodotoxin  even  at  con- 
centrations of  10"5  g/ml.  Sensitivity  in- 
creases strikingly  between  days  four  and 
seven  and  thereafter  remains  constant. 
Not  all  isolated  cells  are  sensitive — in 
fact,  the  sensitive  fraction  is  relatively 
small  and  does  not  increase  over  the 
period  studied.  Trypsinized  cells  lose 
their  sensitivity,  but  when  organized  as 
aggregates,  regain  tetrodotoxin  sensitiv- 
ity within  three  hours.  The  process 
requires  protein  synthesis.  It  is  especially 
notable  that  sensitivity  is  not  recovered 
in  cells  isolated  in  monolayer  cultures. 

The  Department's  ability  to  tackle 
problems  of  membrane  structure  and 
genesis  should  be  enhanced  by  the  ar- 
rival of  Dr.  Richard  E.  Pagano  in  the  fall 
of  1972.  Currently  a  Senior  Fellow  in  the 
Polymer  Department  of  the  Weizmann 
Institute  of  Science,  Dr.  Pagano  was 
trained  in  biophysics  and  biochemistry 
(B.A.  Johns  Hopkins,  1965;  Ph.D.  Vir- 
ginia, 1968).  Before  joining  the  Weiz- 
mann Institute  in  1970,  he  spent  two 
years  as  a  Staff  Associate  in  the  Labora- 
tory of  Physical  Biology,  National  Insti- 
tutes of  Health.  His  primary  interest  is 
the  molecular  organization  of  biological 
membranes.  At  the  outset  he  will  be  in- 
vestigating the  interactions  of  proteins 
with  ordered  phospholipid  arrays  in 
aqueous  media. 

In  the  fall  of  1959,  Drs.  Yoshihiro  Kato 
and  Ikuo  Takeuchi  joined  the  Depart- 
ment as  Carnegie  Fellows,  the  first  in  a 
series  of  able  Japanese  scientists  to  con- 
tribute to  the  Department's  programs. 
Currently,  members  of  the  staff  are  work- 


ing in  cooperation  with  four  Japanese 
colleagues.  Drs.  Yoshiaki  Suzuki  and 
Masako  Yoshikawa-Fukada  are  extra- 
mural Carnegie  Fellows,  working  in  the 
National  Institute  of  Health  of  Japan 
and  the  Institute  for  Virus  Research  of 
Kyoto  University,  respectively.  Their  in- 
vestigations are  described  briefly  in  the 
body  of  the  Report.  Suzuki,  working  with 
Donald  Brown,  is  continuing  his  analysis 
of  the  genes  for  the  silk  protein,  fibroin; 
and  Yoshikawa-Fukada  and  her  col- 
league in  Kyoto,  Nojima,  have  extended 
the  study  of  the  effects  of  high  concentra- 
tions of  potassium  on  DNA  synthesis  to 
3T3  and  simian  virus  40  (SV40) -trans- 
formed 3T3  cells.  They  report  that  the 
effect  of  potassium  depends  upon  the  spe- 
cific activity  of  sodium-  and  potassium- 
dependent  ATPase,  normal  3T3  cells  hav- 
ing the  higher  enzyme  activity  being 
more  sensitive  to  potassium  than  trans- 
formed cells  which  have  a  lower  specific 
activity  of  the  enzyme. 

In  the  fall  of  1971,  Drs.  Tasuku  Honjo 
and  Kazunori  Sugimoto  joined  the  De- 
partment from  the  Department  of  Medi- 
cal Chemistry  at  Kyoto  University  (Pro- 
fessor 0.  Hayaishi)  and  the  Institute  of 
Molecular  Biology  at  Nagoya  University 
(Professor  Reiji  Okazaki)  to  work  in 
association  with  R.  H.  Reeder  and  D.  D. 
Brown,  respectively.  Sugimoto  has  re- 
ported substantial  headway  in  isolating 
the  genes  for  5S  RNA  (5S  DNA)  from 
Xenopus  mulleri  and  comparing  them 
with  their  counterparts  from  Xenopus 
laevis. 

The  laboratories  of  Donald  Brown  and 
Igor  Dawid  were  also  augmented  by  the 
arrival  of  Paul  Lizardi  (a  Jane  Coffin 
Childs  Fellow,  formerly  at  Rockefeller 
University)  and  Ivan  Horak  (a  Carne- 
gie Fellow,  from  the  Institute  of  Virology 
of  Wiirzburg  University).  Lizardi  is  at- 
tempting to  synthesize  DNA  comple- 
mentary to  the  silk  fibroin  message, 
while  Horak  has  collaborated  with 
Dawid,  and  Dawid  and  Coon,  respec- 
tively,  in   exploring   the   relatedness    of 
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mitochondrial  DNAs  from  different  ani- 
mals, and  the  relationship  between  the 
nuclear  and  mitochondrial  genomes  in 
hybrid  somatic  cells. 

Guang-Jer  Wu,  a  second-year  Carnegie 
Fellow  also  working  with  Dawid,  has 
enjoyed  success  in  isolating  and  char- 
acterizing mitochondrial  RNA  poly- 
merase from  ovaries  of  Xenopus  laevis. 

Robert  Williamson,  Senior  Scientific 
Staff  Member  at  the  Beatson  Institute 
for  Cancer  Research,  University  of  Glas- 
gow, arrived  on  April  1,  1972,  to  spend  a 
year  as  a  Senior  Carnegie  Fellow,  work- 
ing in  association  with  Donald  D.  Brown. 

Reference  has  been  made  to  the  work 
of  one  graduate  student,  Criss  Hartzell. 
Others  whose  contributions  are  treated 
in  the  body  of  the  Report  include  John 
Chase,  Dennis  Leister,  and  Ralph  Stern. 


Reports  in  other  years  have  spoken  of  the 
importance  of  the  Department's  graduate 
training  program  to  the  Department. 
However,  they  have  rarely  touched  upon 
the  Department's  contribution  to  a  stu- 
dent's education.  For  student  and  Staff 
Member  alike,  the  Department  provides 
an  environment  favoring  what  Alan  F. 
Shaw  called  the  primary  virtues  needed 
for  valuable  thinking:  patience,  detach- 
ment, and  concentration.  It  is  an  environ- 
ment in  which  one  can  give  his  intuitions 
their  proper  weight  in  relation  to  the 
judgment  of  the  group.  Finally,  it  is  an 
environment  in  which,  drawing  upon 
Douglas  Knight's  words,  true  relevance — 
the  establishment  of  the  relations  of  one's 
own  contribution  to  important  concepts 
in  the  world  of  thought— is  a  conscious, 
purposive  part  of  the  student's  training. 


THE  ISOLATION  OF  GENES  AND  THE  STUDY 

OF  THEIR  STRUCTURE,  EVOLUTION, 

AND  CONTROL 

D.  D.  Brown,  L.  P.  Gage,  T.  Honjo,  P.  Lizardi,  R.  H.  Reeder,  R.  G.  Roeder,  R.  Stern, 
K.  Sugimoto,  and  Y.  Suzuki 


Our  goal  has  been  the  isolation  of  genes 
of  known  function  from  animal  DNAs 
with  the  long-range  purpose  of  recon- 
structing their  controls  in  vitro.  In  this 
report  we  describe  the  isolation  of  the 
genes  containing  the  sequences  for  5S 
RNA  (5S  DNA)  from  Xenopus  mulleri 
and  their  comparison  with  the  5S  DNA  of 
X.  laevis  (Sugimoto  and  Brown),  as  well 
as  some  studies  on  the  homogeneity  and 
evolution  of  these  repetitive  genes 
(Brown  and  Sugimoto). 

Reeder  and  Honjo  report  on  studies  of 
RNA  transcripts  synthesized  from 
chromatin. 

Roeder  has  measured  the  abundance 
of  various  RNA  polymerases  in  oocytes 
and  embryos  at  different  stages  of  de- 
velopment. 

Using  purified,  highly  radioactive  fi- 
broin messenger  RNA  (mRNA)  from 
silkworms,  the  genes  for  fibroin  have  been 
measured  in  three  tissues  of  Bombyx 
mori  (Suzuki,  Gage,  and  Brown) . 


Lizardi  has  synthesized  anti-parallel 
DNA  molecules  from  the  fibroin  mRNA, 
using  a  "reverse  transcriptase"  enzyme 
from  avian  myeloblastosis  virus.  He 
hopes  to  use  this  product  to  probe  tran- 
scriptional control  mechanisms  in  the 
posterior  silk  gland  of  B.  mori. 

Stern  has  characterized  two  satellite 
DNAs  from  the  genome  of  X.  mulleri 
which  have  a  very  simple  structure  con- 
sisting mainly  of  alternating  A  and  T 
residues. 

Purification  and  Characteristics  of 
the  5S  DNA  of  Xenopus  mulleri 
K.  Sugimoto  and  D.  D.  Brown 
In  extending  our  comparative  study  of 
purified  genes  in  related  species,  we  have 
purified    the    5S    DNA    from    Xenopus 
mulleri  and  compared  some  of  its  physi- 
cal   and    chemical    characteristics    with 
those  of  the  5S  DNA  of  Xenopus  laevis 
(see    Year  Book   70,   pp.    29-31).     The 
methods  that  were  most  useful  for  the 
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purification  of  X.  laevis  5S  DNA  (den- 
sity gradient  centrifugation  of  DNA 
which  had  been  complexed  with  Ag+  and 
the  drug  Actinomycin  D)  do  not  give  a 
good  separation  of  X.  mulleri  5S  DNA.  A 
three-step  purification  procedure  has  been 
developed  which  requires  two  Hg++- 
Cs2S04  centrifugations  followed  by  one 
in  CsCl  (Fig.  1).  The  5S  DNA  and  ribo- 
somal  DNA  (rDNA)  of  X.  mulleri  bind 
less  Hg++  than  bulk  DNA  and  therefore 
have  a  lower  density  in  CS2SO4. 

In  Table  1,  the  two  purified  5S  DNAs 
are  compared.  Although  both  are  lighter 
than  main-band  DNA,  the  5S  DNA  of  X. 
mulleri  has  a  higher  GC  content  than 
that  of  X.  laevis  by  several  criteria.  A 
base  composition  of  complementary  RNA 
transcribed  from  the  isolated  strands 
gives  a  GC  content  of  about  39%  and 
44%,  respectively,  for  the  two  5S  DNAs. 
The  buoyant  density  of  native  X.  mulleri 
5S  DNA  and  that  of  the  separated 
strands  is  higher  than  their  counterparts 


from  X.  laevis.  Finally,  their  thermal 
denaturation  profiles  are  very  different 
(see  Fig.  3),  the  Tm  of  X.  mulleri  5S 
DNA  being  much  higher. 

About  one-sixth  of  the  length  of  each 
repeat  of  X.  laevis  5S  DNA  contains 
sequences  homologous  to  5S  RNA,  the 
remainder  being  presumed  to  be  "spacer" 
sequences.  This  value  was  obtained  by 
determining  the  amount  of  5S  RNA 
which  hybridizes  to  5S  DNA — about 
6.8%  (one-sixth  of  one  strand) .  The  same 
experiment  with  X.  mulleri  5S  DNA 
yields  a  value  of  about  2.8%.  This  means 
that,  on  the  average,  spacer  sequences  in 
X.  mulleri  5S  DNA  must  be  2  to  3  times 
longer  than  those  in  X.  laevis  5S  DNA. 

A  search  for  nucleotide  sequences  com- 
mon to  the  two  5S  DNAs  has  been  car- 
ried out  by  synthesizing  complementary 
RNA  from  the  purified  L  strand  of  each 
5S  DNA  and  comparing  the  extent  to 
which  these  RNAs  hybridize  with  homol- 
ogous and  heterologous  5S  DNA  (Fig.  2) . 
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Fig.  1.  The  three  density  gradient  steps  for  purification  of  5S  DNA  from  X.  mulleri.  (a)  First 
step,  Hg++  -  Cs2S04  gradient;  (b)  second  step,  Hg++  -  Cs2S04  gradient;  (c)  third  step,  CsCl  gra- 
dient. Aliquots  of  each  fraction  were  hybridized  with  [3H]-cRNA  from  the  L  strand  of  5S  DNA 
(solid  circles)  and  [32P]-rRNA  (open  circles) ;  absorbance  at  260  nm  (solid  line).  The  DNA  pooled 
at  each  of  the  three  steps  is  0.64,  0.22,  0.043%  of  the  original  material. 
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TABLE  1.   Comparison  of  5S  DNA  from  X.  laevis  and  X.  mulleri 


Buoyant  density  (g/cm3) 
Neutral  CsCl*  native  DNA 
Alkaline  CsClf 

Neutral  CsCl  separated  strands 

Neutral  CsCl  hybrid  of  L  strand  and  5S  RNA 
Base  composition  (mole  %)$ 


Tm  (0.1  X  SSC)§ 

Saturation  hybridization  of  purified  5S  DNAs  with 
3H-5S  RNA  (jig  RNA/jug  DNA  X  100) 


X. 

laevis 
1.692 

X 

.  mulleri 
1.695 

(H)  1.766 

1.770 

(L) 

1.744 

1.748 

(H)  1.715 

1.719 

(L) 

1.699 
1.752 

1.703 
1.728 

(H) 

(L) 

(H) 

(L) 

A 

26.1 

32.3 

24.6 

33.4 

T 

33.2 

29.0 

31.2 

21.7 

G 

21.4 

16.1 

22.8 

22.4 

C 

19.3 

22.5 

21.4 

22.4 

75°C 


6.8 


82°C 


2.8 


*  Buoyant  density  based  on  phage  SpOl  DNA,  1.742  g/cm3. 

t  Buoyant  density  based  on  E.  coli  DNA,  1772  g/cm3. 

t  Calculated  from  nearest  neighbor  analysis  of  cRNA  transcribed  from  the  two  DNAs. 

§  Tm  of  the  bulk  DNA  of  X.  laevis  (40%  GO  is  76.4°C  in  the  same  solvent. 
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Fig.  2.  Hybridization-competition  of  cRNA  transcribed  from  the  L  strand  of  X.  laevis  and  X. 
mulleri  5S  DNAs.  Bulk  DNAs  of  X.  laevis  and  X.  mulleri  were  centrifuged  to  equilibrium  in 
alkaline  CsCl.  The  DNA  in  each  fraction  was  immobilized  on  a  separate  nitrocellulose  filter,  and 
the  filter  sets  were  hybridized  with  a  mixture  of  (3H)-cRNA  from  X.  laevis  5S  DNA  (solid  circles) 
and  (32P)-cRNA  from  X.  mulleri  5S  DNA  (open  circles).  Hybridization  of  the  CsCl-fractionated 
DNAs  in  the  lower  gradients  (c  +  d)  contained  20  ^g/ml  of  unlabeled  5S  RNA.  The  arrow  de- 
notes where  the  peak  of  the  bulk  DNA  banded. 
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Heterologous  hybridization  is  very  low 
and  all  of  it  is  eliminated  by  the  addition 
of  excess  cold  5S  RNA.  We  conclude 
that  the  spacer  regions  of  these  DNAs  are 
different  enough  so  that  they  do  not  cross 
hybridize.  The  only  common  region  in 
the  two  DNAs  is  that  coding  for  5S 
RNA.  The  difference  between  5S  DNA 
spacers  is  even  greater  than  the  dif- 
ference between  rDNA  spacers  (see  Year 
Book  70,  pp.  28-29).  Unlike  rDNA, 
which  has  spacers  of  the  same  length  in 
the  two  species,  the  5S  DNA  spacers  dif- 
fer greatly  in  length. 

The  Heterogeneity  of  5S  DNA 
D.  D.  Brown  and  K.  Sugimoto 

The  multiple  genes  for  ribosomal  RNA 
are  homogeneous  within  the  genome  of  X. 
laevis  and  X.  mulleri.  This  is  true  of 
both  the  gene  sequences  coding  for  the 
18S  and  28S  ribosomal  RNAs  (rRNA) 
and  the  "spacer"  regions  of  DNA  which 
separate  each  pair  of  18S  and  28S  genes 
and  which  do  not  appear  to  be  tran- 
scribed in  the  living  cell.  Although  these 
multiple  repeating  genes  appear  to  be 
homogeneous  in  nucleotide  sequence 
within  animals  of  one  species,  they  differ 
greatly  between  species.  As  described  in 
Year  Book  70,  pp.  28-29,  these  two 
rDNAs  differ  in  their  "spacer"  regions. 
It  is  presumed  that  the  nucleotide  se- 
quence of  the  "spacer"  regions  is  not 
critical  to  the  animal's  survival  and  can 
therefore  evolve.  The  question  remains, 
How  can  all  of  the  several  hundred 
"spacers"  in  an  animal  evolve  in  parallel? 
We  refer  to  this  phenomenon  as  "hori- 
zontal" evolution  and  it  remains  un- 
explained. 

Whereas  the  multiple  copies  of  rDNA 
are  homogeneous  within  a  species,  those 
comprising  5S  DNA  are  not.  The  struc- 
ture of  X.  laevis  5S  DNA  was  described 
in  Year  Book  70,  p.  29.  One  repeating 
sequence  within  5S  DNA  is  about  500,000 
daltons  in  length,  half  of  which  has  a 
high    AT    composition,    the    remainder 


being  high  in  GC.  These  two  regions 
alternate  along  the  DNA.  A  thermal 
denaturation  profile  confirms  the  exist- 
ence of  two  components.  The  5S  DNA  of 
X.  mulleri  has  a  higher  GC  content  and 
its  denaturation  profile  is  more  complex 
(Fig.  3).  When  either  DNA  is  denatured 
and  renatured,  the  renatured  duplex  is 
much  less  stable  than  the  original  DNA. 
This  instability  directly  contrasts  with 
the  thermal  denaturation  of  renatured 
rDNA.  Furthermore,  the  second  melt  of 
X.  laevis  5S  DNA  demonstrates  that  the 
high  AT  region  of  the  DNA  is  the  most 
poorly  rematched  duplex  in  the  renatured 
DNA,  while  the  high  GC  regions  have 
renatured  more  faithfully ;  in  fact,  a  por- 
tion of  it  may  be  perfectly  renatured. 
The  latter  region  of  the  DNA  can  be  pre- 
dicted to  contain  the  gene  sequences  for 
5S  RNA,  apparently  the  only  portion  of 
the  5S  DNA  to  be  transcribed  in  the  liv- 
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Fig.  3.  Thermal  denaturation  of  native  and 
renatured  5S  DNA  from  X.  laevis  and  X.  mul- 
leri. The  DNAs  were  denatured  in  0.1  X  SSC 
(solid  line)  and  renatured  in  the  same  solvent 
for  2  days  at  47 °C.  They  were  then  subjected 
to  a  second  melt  (dashed  line). 
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ing  cell.  This  region  of  the  DNA  would 
be  expected  to  be  the  most  homogeneous, 
since  5S  RNA  isolated  from  somatic  cells 
has  been  sequenced  by  Williamson  and 
found  to  be  homogeneous. 

Two  collaborative  studies  which  are 
now  under  way  should  shed  some  light  on 
the  heterogeneity  problem.  Mary  Lou 
Pardue  at  Edinburgh  has  used  radio- 
active complementary  RNA  (cRNA) 
which  we  have  transcribed  from  purified 
5S  DNA.  This  extremely  radioactive 
RNA  has  been  used  for  in  situ  hybridiza- 
tion of  X.  laevis  chromosomes.  She  has 
found  that  5S  DNA  is  located  at  the  ends 
of  the  long  arms  of  as  many  as  10  of  the 
18  haploid  chromosomes. 

George  Brownlee  at  Cambridge  has 
begun  an  analysis  of  5S  DNA  by  se- 
quencing cRNA  transcribed  from  5S 
DNA.  The  heterogeneity  of  certain 
sequences  is  already  apparent  from  his 
initial  studies,  confirming  the  renatura- 
tion  studies. 

The  5S  DNA  is  the  simplest  DNA  of 
known  function  to  be  isolated  and  for 
this  reason  is  suitable  for  a  number  of 
sequence  studies.  For  example,  we  hope 
to  identify  both  the  initiation  and  termi- 
nation sequences  at  either  side  of  the 
sequence  for  5S  RNA. 

Despite  its  nucleotide  heterogeneity, 
the  repeating  sequences  within  X.  laevis 
5S  DNA  have  about  the  same  length,  and 
most  of  the  5S  DNA  is  isolated  as  a 
single  DNA  family.  Preliminary  experi- 
ments with  5S  DNA  of  X.  mulleri  sug- 
gest much  greater  heterogeneity  both  in 
repeat  length  and  nucleotide  sequence. 

The  Relevance  of  Repetitious  DNAs 
to  the  Antibody  Dilemma 

D.  D.  Brown 

The  structure,  evolution,  and  hetero- 
geneity of  rDNA  and  5S  DNA  have  led 
to  a  proposal  which  could  resolve  the 
"antibody  dilemma."  The  structure  of 
antibodies    and   some    features   of   their 


inheritance  have  led  most  immunologists 
to  accept  an  heretical  mechanism  for  the 
differentiation    of    immunocytes.     They 
propose  that  the  germ  line  contains  two 
genes  for  each  immunoglobulin  polypep- 
tide and  that  these  genes  are  joined  dur- 
ing  differentiation   of   the   immunocyte. 
This  model  accounts  for  many  unusual 
features  of  antibody  formation,  including 
the  fact  that  two  regions  of  each  protein 
seem  to  have  evolved  separately  and  seem 
to  be  encoded  by  separate  genes.   On  the 
other  hand,  the  5S  DNA  and  rDNA  re- 
semble the  kind  of  complex  DNA  which 
would  be  required  if  each  antibody  were 
encoded  by  a  single  gene  in  the  germ  line. 
This  model;  which  we  have  referred  to  as 
the  "evolutionary"  solution  to  the  anti- 
body dilemma,  suggests  that  the  genomes 
of  higher  organisms  contain  thousands  of 
genes  for  antibodies.  Each  of  these  genes 
contains  two  parts  which  evolve  differently 
due  to  different  constraints  placed  upon 
them  by  natural  selection.  One  portion  of 
each  gene  codes  for  the  part  of  the  protein 
which   contains  the   antigen   recognition 
site.  This  region  varies  from  gene  to  gene. 
Natural  selection  requires  this  variation 
so  that  the  organism  has  a  huge  genetic 
repertoire   of   different   structural   genes 
which  can  provide  an  enormous  number 
of  different  antibody  proteins.    The  re- 
mainder  of   each   of   these   many   genes 
(and  proteins)  is  identical  or  differs  only 
slightly.   Natural  selection  has  restricted 
the  divergence  of  this  part  of  each  gene 
for  some  as  yet  unknown  reason.    This 
rather  traditional  model    (one  gene-one 
antibody)   can  explain  the  antibody  di- 
lemma.   Rather  than  requiring  gene  re- 
arrangement   during    development,    this 
model   places   certain   restraints   on  the 
evolution    of    multiple    genes,    some    of 
which  have  already  been  demonstrated  to 
exist  in  the  case   of  5S  and  ribosomal 
genes.     The    final    distinction    between 
these  two  broad  hypotheses  will  require  a 
direct  analysis  of  the  genes  themselves  by 
molecular    hybridization    with    purified 
mRNA. 
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Transcription  of  Chromatin  by 
Bacterial  and  Eukaryotic  RNA 

Polymerases 

R.  H.  Reeder  and  T.  Honjo 
with  the  assistance  of  D.  Prather 

We  have  continued  the  search  for  con- 
ditions that  will  allow  accurate  tran- 
scription of  eukaryotic  genes  in  vitro, 
using  the  genes  for  18S  and  28S  ribosomal 
RNAs  (rDNA)  and  the  genes  for  5S 
RNA  (5S  DNA)  from  Xenopus  laevis  as 
a  model  system.  As  we  described  previ- 
ously (Year  Book  70,  pp.  32-35),  all  at- 
tempts to  transcribe  the  purified,  protein- 
free  genes  have  so  far  resulted  in  non- 
physiological  transcription  of  both  DNA 
strands.  This  statement  holds  for  a  wide 
variety  of  X.  laevis  RNA  polymerase 
preparations  of  differing  degrees  of  purity 
and  has  been  true  for  both  rDNA  and 
5S  DNA. 

A  possible  explanation  for  this  lack  of 
specificity  is  that  DNA-associated  pro- 
teins required  for  proper  transcription 
have  been  lost  during  purification  of  the 
DNA.  During  the  past  year,  we  have 
tested  this  possibility,  using  intact  chro- 
matin as  a  template  instead  of  purified 
DNA.  The  results  of  one  such  experi- 
ment are  shown  in  Table  2.  Chromatin 
was  prepared  from  nuclei  of  cultured  X. 
laevis  cells  by  washing  the  nuclei  in 
media  of  low  ionic  strength  until  the 
nuclei  lysed  and  the  chromatin  formed 
a  clear,  viscous  gel.  The  chromatin  was 
then  tested  for  its  ability  to  serve  as  a 
template  for  either  the  endogenous  RNA 
polymerase,     added    polymerase    I,    or 


added  polymerase  II.  As  shown  in  Table 
2,  addition  of  exogenous  polymerase 
stimulated  RNA  synthesis  above  the 
endogenous  level.  Both  polymerase  I  and 
polymerase  II  were  stimulatory,  the  ratio 
of  their  activities  on  chromatin  being 
similar  to  the  ratio  of  their  activities  on 
purified  X.  laevis  bulk  DNA.  The  de- 
gree of  stimulation  by  added  X.  laevis 
polymerase  has  never  been  large,  possibly 
due  to  the  lack  of  concentrated  enzyme 
preparations.  After  the  RNA  from  each 
reaction  was  purified,  its  content  of  18S 
and  28S  rRNA  was  measured  by  an 
isotope  dilution  technique  (see  Year 
Book  70,  p.  33).  Both  polymerase  I  and 
polymerase  II  caused  an  increase  in  the 
amount  of  rRNA  synthesized. 

The  major  question  regarding  these 
experiments  is  whether  the  stimulation 
of  rRNA  synthesis  represents  de  novo 
initiation  by  exogenous  enzyme  or  merely 
an  enhancement  of  chain  elongation  by 
the  endogenous  enzyme. 

The  rRNA  that  is  synthesized  in  each 
reaction  is  transcribed  from  the  correct 
strand  of  the  DNA.  Therefore,  if  initia- 
tion is  occurring  on  the  rDNA,  it  is  oc- 
curring at  specific  sites.  However,  the 
relatively  low  level  of  synthesis  observed, 
coupled  with  the  fact  that  both 
polymerase  I  and  II  give  similar  re- 
sults, raises  the  possibility  that  we  are 
observing  merely  a  stimulation  of  chain 
elongation  by  the  endogenous  polymerase. 
With  the  use  of  more  concentrated 
enzyme  preparations  we  hope  to  obtain 
a  greater  synthesis  and  to  be  able  to 
answer  this  question. 


TABLE  2.   Transcription  of  Chromatin  by  X.  laevis  RNA  Polymerases 


Reaction1 


Total  CMP  Incorporated 

(cts/min) 


CMP  in  rRNA2 

(cts/min) 


Chromatin  alone 
Chromatin  -f  polymerase  I 
Chromatin  +  polymerase  II 


29,800 
69,000 
57,100 


20,400 
53,600 
32,300 


1  Each  reaction  contained  50  mm  Tris  pH  8,  5  mM  MgCb,  1  ml  MnCl2,  0.63  mM  each  of  ATP, 
UTP,  and  GTP,  0.03  mM  of  (3H)-CTP,  50  mM  (NH4)2S04,  10  fig  of  DNA  in  chromatin,  and  en- 
zyme as  indicated. 

2  Radioactivity  in  rRNA  was  measured  by  isotope  dilution  as  described  in  Year  Book  70,  pp. 
33-35. 
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In  parallel  with  the  experiments  on 
Xenopus  RNA  polymerase,  we  have 
examined  the  fidelity  with  which  Es- 
cherichia coli  RNA  polymerase  can 
transcribe  X.  laevis  chromatin.  Over  the 
past  few  years,  several  laboratories  have 
reported  experiments  showing  that  the 
RNA  product  transcribed  by  bacterial 
polymerase  using  eukaryotic  chromatin 
as  a  template  has  some  properties  similar 
to  the  RNA  made  in  the  cell  from  which 
the  chromatin  was  derived.  The  implica- 
tion has  been  that  the  chromatin  proteins 
are  restricting  the  bacterial  polymerase 
to  the  same  DNA  sites  that  were  tran- 
scribed in  the  living  cell.  To  test  this 
prediction  more  precisely,  we  have  ex- 
amined the  transcription  of  5S  DNA  and 
rDNA  in  X.  laevis  chromatin,  using  E, 
coli  RNA  polymerase.  The  result  for  5S 
DNA  is  shown  in  Table  3.  RNA  tran- 
scribed from  chromatin  by  E.  coli  RNA 
polymerase  was  hybridized  to  the  sepa- 
rated strands  of  5S  DNA,  with  and  with- 
out competition  by  unlabeled  5S  RNA. 
As  a  control,  5S  RNA  purified  from  cul- 
tured cells  was  hybridized  under  similar 
conditions.  The  results  show  clearly  that 
the  in  vivo  labeled  5S  RNA  hybridizes 


only  to  the  L  strand  and  is  almost  com- 
pletely competed  by  unlabeled  5S  RNA. 
In  contrast,  the  RNA  made  with  E.  coli 
polymerase  hybridizes  equally  to  both 
strands  and  most  of  the  hybrid  is  not 
competed  by  unlabeled  5S  RNA.  The 
E.  coli  polymerase  transcribes  both  gene 
and  spacer  regions  on  both  strands  of  the 
DNA  with  no  evidence  of  transcriptional 
specificity. 

A  similar  experiment  measuring  the  fi- 
delity of  transcription  of  the  genes  for 
18S  and  28S  rRNA  is  shown  in  Table  4. 
In  this  case  also,  the  RNA  made  by  the 
bacterial  polymerase  hybridized  to  both 
strands  and  to  both  gene  and  spacer 
regions.  The  transcription  of  the  rDNA 
is  not  as  symmetrical  as  was  that  of  the 
5S  DNA  but  the  polymerase  clearly 
transcribes  sequences  that  are  not  real  in 
the  living  cell.  We  have  found  previously 
(Year  Book  68,  pp.  507-508)  that  E.  coli 
polymerase  shows  a  similar  preference 
for  the  gene  regions  of  the  H  strand  when 
transcribing  isolated,  protein-free  rDNA. 

We  can  conclude  that  for  these  two 
genes  the  presence  of  chromatin  proteins 
does  not  cause  the  bacterial  polymerase 
to  transcribe  them  accurately. 


TABLE  3.  Hybridization  of  Chromatin  cRNA  Made  by  E.  coli  RNA  Polymerase  to  5S  DNA 


RNA  Added 


Cts/Min  in  Hybrid 


H  strand 


L  strand 


(3H)-5S 

(3H)-5S  +  unlabeled  5S 
(32P)-chromatin  cRNA 
(32P)-chromatin  cRNA  +  unlabeled  5S 


30 

18 
327 
246 


602 

23 

341 

270 


TABLE  4.   Hybridization  of  Chromatin  cRNA  Made  by  E.  coli  RNA  Polymerase  to  rDNA 

Cts/Min 

in  Hybrid 

H  strand 

L  strand 

(3H)-chromatin  cRNA 

(3H)-chromatin  cRNA  +  unlabeled  18S  +  28S  rRNA 

191 
26 

63 

27 
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Analysis  of  RNA  Polymerases  in 

Oocytes  and  Embryos  of 

Xenopus  laevis 

R.  G.  Roeder 

Studies  of  the  multiple  forms  of  DNA- 
dependent  RNA  polymerase  in  Xenopus 
laevis  have  been  pursued  with  the  objec- 
tive of  defining  the  enzyme  components 
necessary  for  transcription  of  specific 
(rRNA)  genes  and  determining  whether 
regulation  of  these  or  any  other  genes  is 
mediated  via  the  RNA  polymerase  (s). 
It  is  known  that  the  rRNA  genes  are 
transcribed  by  an  a  amanitin-insensitive 
enzyme,  but  thus  far  all  of  the  a 
amanitin-insensitive  RNA  polymerases 
(I  and  II)  isolated  from  embryonic  and 
adult  cells  transcribe  these  genes  non- 
specifically  (Year  Book  69,  p.  568  and 
Year  Book  70,  p.  32).  These  studies 
suggested  that  other  cellular  components, 
either  enzyme-  or  template-associated, 
might  be  regulatory  and  required  for  spe- 
cific transcription.  Hence  it  is  relevant 
to  know  whether  the  cellular  levels  of  the 
various  solubilized  RNA  polymerase  ac- 


tivities can  be  correlated  with  the  known 
rates  of  synthesis  of  specific  classes 
of  RNA  during  oogenesis  and  em- 
bryogenesis. 

Our  preliminary  studies  of  early 
embryos  [Year  Book  69)  have  been 
extended  with  more  detailed  chromato- 
graphic analysis  of  the  RNA  polymerase 
activities.  In  addition,  the  enzyme  levels 
in  oocytes  have  been  surveyed,  since  it 
is  known  that  these  cells  are  remarkably 
specialized  for  rRNA  synthesis.  Whole- 
cell  homogenates  were  subjected  to 
standard  high-salt  enzyme  solubilization 
procedures,  and  the  various  RNA 
polymerase  species  were  separated  and 
identified  by  chromatography  on  DEAE 
Sephadex.  We  are  now  able  to  separate 
four  activities  by  this  procedure — two  of 
which  (I  and  III)  are  insensitive  to  a 
amanitin  and  two  of  which  are  sensitive 
(II A  and  IIB).  A  representative 
chromatograph  of  RNA  polymerase  in 
large  oocytes  is  shown  in  Figure  4A.  All 
of  these  enzymes  retain  their  distinctive 
chromatographic  properties  when  sub- 
jected to  rechromatography  and  all  have 
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Fig.  4.  Chromatographic  resolution  of  oocyte  RNA  polymerases.  (A)  DEAE-Sephadex  chrom- 
atography of  solubilized  enzyme  from  mature  oocytes.  Enzymes  I,  IIA,  IIB,  and  III  eluted  at  am- 
monium sulfate  concentrations  of  about  0.12,  0.17,  0.22,  and  0.27  M,  respectively.  No  activity  was 
detected  in  the  breakthrough  fractions.  Solid  circles,  activity  in  the  absence  of  a-amanitin;  open 
circles,  activity  in  the  presence  of  a-amanitin.  (B)  Carboxymethyl-Sephadex  chromatography  of 
oocyte  DEAE-Sephadex  Enzyme  I.  The  major  and  minor  peaks  of  activity  eluted  at  ammonium 
sulfate  concentrations  of  0.09  and  0.11  M,  respectively.  About  5%  of  the  recoverable  a-amanitin- 
insensitive  activity  was  found  in  the  breakthrough  fractions  (not  shown).  Closed  circles,  activity 
in  the  presence  of  a-amanitin. 
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been  detected,  albeit  in  different  propor- 
tions, in  normal  somatic  cells.  Enzyme 
IIB  corresponds  to  the  major  a  amanitin- 
sensitive  enzyme  seen  in  most  somatic 
cells.  The  striking  features  of  the  oocyte 
pattern  compared  to  that  of  normal  so- 
matic cells  (e.g.,  the  swimming  tadpole 
pattern  in  Year  Book  69,  p.  569,  or  that  of 
cultured  kidney  cells)  are  the  high  level 
of  enzyme  III  and  the  presence  of  en- 
zyme IIA,  which  constitutes  a  large  frac- 
tion (30-40%)  of  the  total  enzyme  II 
activity.  These  observations  raise  the 
possibility  that  in  the  oocyte  RNA 
polymerase  III  and  not  RNA  polymerase 
I  is  involved  in  rRNA  synthesis,  or  per- 
haps that  the  enzymes  are  somehow  re- 
lated metabolically.  The  same  enzyme 
pattern  has  been  observed  both  in  syn- 
thetically active  stages  and  in  mature 
oocytes  which  are  dormant  in  RNA 
synthesis. 

As  shown  below,  the  cellular  enzyme 
levels  are  orders  of  magnitude  higher  in 
these  oocytes  than  in  normal  somatic 
cells,  suggesting  that  the  enzymes  could 
be  accumulated  and  stored  for  later  use 
during  embryogenesis  (as  are  ribosomal 
components) .  On  the  other  hand,  if  mini- 


mal enzyme  concentrations  are  necessary 
for  enzyme  function,  then  the  huge 
volume  of  the  oocyte  nucleus  (germinal 
vesicle)  might  necessitate  the  observed 
levels.  Consistent  with  the  idea  that 
these  enzymes  function  in  the  oocyte  is 
our  observation  that  isolated  germinal 
vesicles  contain  most  of  the  oocyte 
polymerase  activity  even  though  these 
structures  comprise  only  a  few  percent  of 
total  oocyte  volume.  Although  there  is  a 
partial  loss  of  total  activity  during 
DEAE  chromatography,  the  germinal 
vesicles  clearly  contain  enzymes  I,  IIB, 
and  III.  We  have,  however,  consistently 
failed  to  see  enzyme  IIA  in  germinal 
vesicles  as  well  as  in  embryonic  cell  and 
cultured  kidney  cell  nuclei,  suggesting 
that  it  is  of  cytoplasmic  origin  and/or 
function. 

The  oocyte  enzyme  pattern  changes 
markedly  by  the  swimming  tadpole  stage, 
by  which  time  there  have  been  drastic 
changes  in  the  RNA  synthetic  activities 
of  the  embryo.  Quantitative  data  of  the 
levels  per  oocyte,  egg,  or  embryo  of  each 
of  the  enzymes  are  summarized  in  Table 
5.  In  the  case  of  RNA  polymerase  II 
there  is  apparently  about  a  twofold  in- 


TABLE  5.   Levels  of  RNA  Polymerase  Activities  during  Oocyte  and  Embryonic  Development 


Developmental 

Activity  (units 

per  104  oocytes,  eggs, 

or  embryos) 

Stage 

I 

II 

III 

Mature  oocyte 

11,300 

11,400 

10,300 

Unfertilized  egg 

10,500 

24,900 

9,500 

Cleavage  (8  cells) 

10,900  (1,700) 

25,100  (3,100) 

11,800  (1,500) 

Late  gastrula 

(62,000  cells) 

11,500  (0.19) 

33,700  (0.54) 

11,600  (0.19) 

Stages  20-22 

(106,000  cells) 

17,600  (0.17) 

47,500  (0.44) 

13,200  (0.12) 

Stages  30-33 

(255,000  cells) 

50,800  (0.20) 

87,000  (0.30) 

18,200  (0.07) 

Swim  tadpole 

(420,000  cells) 

90,800  (0.19) 

140,000  (0.33) 

19,800  (0.04) 

Cultured  kidney  cells 

.  .  .     (0.18) 

.   .  .      (0.15) 

.  .  .     (0.02) 

Values  in  parentheses  represent  units  of  activity  per  104  cells.  One  unit  of  activity  equals  one 
picomole  UMP  incorporated  per  20  minutes  at  30  °C  under  previously  described  conditions,  except 
at  an  3H-UTP  concentration  of  0.05  ml.  All  data  were  obtained  from  DEAE-Sephadex  analysis 
(c/.  Fig.  4a)  of  the  various  solubilized  enzyme  fractions.  The  enzyme  II  activity  values  represent 
the  sum  of  IIA  and  IIB  activities,  which  are  not  completely  separable  at  later  stages  under  the 
conditions  used.  It  is  apparent,  however,  that  IIA  increases  only  about  twofold  during  embryonic 
development  (similar  to  enzyme  III),  while  IIB  increases  more  dramatically,  as  does  enzyme  I. 
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crease  in  activity  following  ovulation, 
but  this  level  stays  nearly  constant  until 
late  gastrula.  In  the  case  of  enzymes  I 
and  III  there  are  no  significant  increases 
in  total  activity  up  through  the  gastrula 
stage.  Of  significance  is  the  fact  that 
eggs  and  early  embryos  which  synthesize 
no  RNA  contain  high  levels  of  all  RNA 
polymerases,  and  furthermore  these  levels 
are  constant  throughout  the  period  of 
development  (to  gastrulation)  when 
genes  for  the  various  classes  of  RNA  are 
sequentially  activated.  Subsequent  to 
gastrulation,  enzymes  I  and  IIB  increase 
manyfold,  while  IIA  and  III  show  much 
less  dramatic  increases.  If  one  con- 
siders the  data  in  terms  of  activity  per 
cell  (Table  5,  values  in  parenthesis) ,  then 
it  is  apparent  that  relative  to  a  tissue- 
culture  cell  the  oocyte  and  early  em- 
bryonic cellular  levels  are  104-105  times 
greater  than  the  levels  in  adult  somatic 
cells.  For  the  oocyte  this  may  be  under- 
standable in  terms  of  the  high  RNA  syn- 
thetic activity  of  these  specialized  cells, 
but  in  the  case  of  the  embryonic  cells  it 
may  be  concluded  that  the  enzymes  are 
present  in  vast  excess.  With  rapid  cell 
division  the  cellular  enzyme  levels 
rapidly  decline  and  approach  the  levels  in 
cultured  kidney  cells,  suggesting  that  net 
increases  in  enzyme  activity  may  ensue 
only  as  these  levels  are  reached. 

It  is  not  known  whether  the  oocyte- 
derived  enzymes  (as  opposed  to  newly 
synthesized  enzymes)  do  in  fact  function 
during  embryogenesis.  However,  the  per- 
sistence of  the  oocyte  enzyme  levels 
through  early  embryogenesis  is  consistent 
with  the  idea  of  accumulation  and  stor- 
age of  the  enzymes  by  the  oocyte  for  use 
during  embryonic  development  and 
would  suggest  that  other  components 
must  regulate  the  activity  of  the  enzymes 
in  vivo.  This  suggestion  is  consistent 
with  our  previous  observations  that  none 
of  the  purified  enzymes  contain  the  spe- 
cificity for  proper  transcription  of  rDNA. 

In  our  attempts  to  further  purify  these 
RNA    polymerases    for    specificity    and 


structural  studies,  it  has  been  found  that 
RNA  polymerase  I  is  heterogeneous. 
Chromatography  of  the  oocyte  DEAE- 
Sephadex  enzyme  I  on  carboxymethyl 
Sephadex  (Figure  4B)  reveals  two  peaks 
of  activity.  Similar  heterogeneity  has 
been  seen  in  enzyme  I  isolated  from 
unfertilized  eggs,  embryonic  cells,  and 
cultured  kidney  cells.  Preliminary  studies 
of  the  Mg++,  Mn++,  and  ammonium  sul- 
fate activation  profiles  of  these  species 
have  thus  far  failed  to  reveal  any  major 
differences  in  catalytic  properties.  How- 
ever, studies  of  template  specificities  have 
not  yet  been  made,  and  it  remains  to  be 
seen  whether  either  of  these  enzymes 
shows  any  specificity  with  rDNA. 

The  Genes  for  Silk  Fibroin  in 
Bombyx  mori 

Y.  Suzuki,  L.  P.  Gage,  and  D.  D.  Brown 

In  Year  Book  70,  p.  35,  we  reported 
the  isolation  of  highly  radioactive  silk 
fibroin  messenger  RNA.  The  mRNA 
and  the  fibroin  genes  have  a  high  GC 
content  (about  60%).  This  fact  made  it 
possible  to  separate  the  fibroin  genes 
from  the  bulk  of  B.  mori  DNA  (39% 
GC)  by  buoyant  density  centrifugation 
and  to  detect  and  measure  them  by  mo- 
lecular hybridization  with  purified  (32P)- 
mRNA.  These  studies  answer  the  ques- 
tion, Does  gene  amplification  occur  for 
genes  which  code  for  specialized  proteins 
in  the  cells  that  express  these  genes? 

The  (32P)-mRNA  was  purified  by 
three  sucrose  gradients,  the  last  of  which 
included  70%  formamide.  The  formamide 
denatures  the  RNA  and  removes  trace 
(32P)-rRNA  contamination.  The  puri- 
fied (32P)-mRNA  was  mixed  with  (3H)- 
rRNA  from  Xenopus  laevis  and  hybrid- 
ized to  CsCl  fractionated  DNA  (Fig.  5a) . 
Hybrids  of  (32P)-RNA  with  DNA  of 
high  buoyant  density  were  revealed 
which  we  tentatively  identified  as  hybrids 
of  fibroin  mRNA  with  its  genes. 

In  order  to  identify  unequivocally  and 
to    quantitate    the    hybridized     fibroin 
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Fig.  5.  Hybridization  of  formamide-purified 
fibroin  raRNA  with  B.  mori  DNA  which  had 
been  fractionated  in  (a)  CsCl  or  (b)  Ag+  - 
CS2SO4.  In  each  case. 2  mg  of  sheared  carcass 
DNA  was  centrifuged  to  equilibrium  in  the 
50.1  Spinco  rotor.  The  immobilized  DNA  frac- 
tions were  hybridized  together  with  32P-mRNA 
(closed  circles)  and  3H-rRNA  from  X.  laevis 
(open  circles) ;  absorbance  at  260  nm  (solid 
line). 


mRNA,  the  level  of  hybridization  being 
very  low,  we  sought  a  technique  by  which 
larger  amounts  of  DNA  could  be  frac- 
tionated with  a  greater  density  separa- 
tion of  fibroin  genes  from  rDNA  and  bulk 
DNA.  Both  criteria  were  met  by  com- 
plexing  the  DNA  with  Ag+  followed  by 
centrifugation  in  Cs2SO.t   (Fig.  5b). 

Only  small  amounts  of  RNA  from  a 
fibroin  mRNA  preparation  actually 
hybridized  with  GC-rich  DNA.  Conse- 
quently, it  was  necessary  to  show  that 
the  RNA  in  the  hybrids  was  identical  to 
the    input    mRNA.     For    this    purpose, 


about  8.5  mg  of  Bombyx  mori  DNA  was 
complexed  with  Ag+  and  banded  in 
Cs2S04.  The  fibroin  genes  were  en- 
riched by  pooling  the  light  fractions  of 
DNA  from  several  gradients.  Large 
amounts  of  mRNA  could  be  hybridized 
to  this  DNA  enriched  in  fibroin  genes. 
The  (32P)-RNA  which  was  hybridized 
with  the  DNA  was  proved  to  be 
mRNA  by  partial  sequence  analysis  and 
base  composition  measurements.  Conse- 
quently, the  low  level  of  (32P)-RNA 
which  hybridizes  to  the  DNA  of  low 
buoyant  density  in  Ag+-Cs2S04  is 
fibroin  mRNA. 

The  number  of  fibroin  genes  in  the 
DNA  from  three  tissues — posterior  silk 
gland,  middle  silk  gland,  and  carcass — 
of  Bombyx  mori  was  compared  by  de- 
termining the  extent  to  which  these 
DNAs  hybridized  to  fibroin  mRNA. 
Similar  amounts  of  each  DNA  were  com- 
plexed with  silver  and  centrifuged  to 
equilibrium  in  Cs2S04,  and  the  DNA  in 
fractions  from  the  light  side  of  the  gradi- 
ents known  to  contain  the  fibroin  genes 
was  immobilized  on  filters.  The  three 
filter  sets  were  hybridized  together  in 
the  same  vessel  with  (32P)-mRNA,  (3H)- 
rRNA  of  B.  mori,  and  excess  unlabeled 
carcass  RNA  (Fig.  6).  The  extent  to 
which  the  (32P)-mRNA  hybridized  with 
the  three  DNAs  was  the  same  within 
±10%.  We  conclude  that  there  is  no 
selective  amplification  of  the  DNA 
homologous  to  fibroin  mRNA  in  posterior 
silk  gland  cells;  the  fibroin  genes  are 
replicated  in  proportion  to  the  rest  of  the 
genome  in  these  highly  specialized  and 
polyploid  cells. 

The  fraction  of  DNA  homologous  to 
fibroin  mRNA  was  further  determined  by 
a  hybridization  saturation  experiment, 
and  only  0.0022%  of  B.  mori  DNA  hy- 
bridized with  fibroin  mRNA.  From  this 
value,  the  genome  size  of  B.  mori  (esti- 
mated to  be  0.4  to  0.5  pg  of  DNA  in  a 
haploid  cell  by  Ellen  Rasch),  and  the 
molecular  weight  of  the  mRNA  (about 
2.3   X    106  daltons),  we  conclude  that 


DEPARTMENT     OF     EMBRYOLOGY 


21 


50 


I 

C 

E 


CVJ 

ro 


Posterior  gland--  Middle  gland     -- 


Carcass     - 


1600 
i 

c 
'£ 

O 
ro 


26  20  26  20 

Fraction  number 

Fig.  6.  Hybridization  of  fibroin  raRNA  with  DNA  from  carcass  and  from  the  posterior  and 
middle  silk  glands.  DNA  which  had  been  sheared  to  about  2.5  X  10"  daltons  was  complexed 
with  silver,  banded  in  CS2SO4,  and  immobilized  on  filters.  Only  fractions  on  the  light  side  of  the 
main  band  of  DNA  were  collected.  Fibroin  hybridized  to  the  three  DNAs  to  the  same  extent 
(±  10%).    Solid  circles,  32P-mRNA;  open  circles,  3H-rRNA. 


there  are  less  than  3  fibroin  genes  and 
maybe  only  one  for  each  haploid  comple- 
ment of  DNA. 

Now  we  can  summarize  the  molecular 
events  of  the  differentiated  state  in  the 
posterior  silk  gland  as  follows.  A  single 
cell  in  the  gland  synthesizes  about  300 
fig  of  fibroin  in  the  last  4  days  of  the 
fifth  instar.  Each  giant  polyploid  cell 
contains  as  much  as  0.2  ^g  of  DNA. 
Therefore  each  cell  contains  about  106 
fibroin  genes  (without  specific  gene  am- 
plification) whose  expression  results  in 
the  production  of  1015  fibroin  molecules. 
During  this  developmental  period  fibroin 
mRNA  accumulates  until  it  comprises 
about  1010  molecules  per  cell.  Therefore, 
each  mRNA  produces  105  fibroin  mole- 
cules in  about  4  days.  This  high  transla- 
tional  yield  can  be  achieved  if  the  mRNA 
is  stable  and  each  molecule  functions  in 
a  polysome  containing  50  ribosomes  and 
polymerizes  amino  acids  at  the  rate  of  15 
per  second  per  ribosome. 

In  order  to  prepare  for  this  remarkably 
efficient  translational  specialization,  each 
cell  need  only  transcribe  its  fibroin  genes 
and  stabilize  the  resultant  mRNA  with 
the  same  efficiency  with  which  it  tran- 


scribes its  ribosomal  genes  and  stabilizes 
rRNA.  This  can  be  concluded  from  the 
facts  that  the  posterior  gland  accumu- 
lates fibroin  mRNA  to  about  1%  and 
rRNA  to  about  80%  of  its  total  RNA 
content,  and  that  the  rDNA  is  about  80 
times  more  abundant  than  the  fibroin 
genes. 

Enzymatic  Synthesis  of  DNA 

Complementary  to  Silk  Fibroin  mRNA 

(from  Bombyx  mori) 

P.  Lizardi  and  D.  D.  Brown 

The  recent  studies  of  Suzuki,  Gage,  and 
Brown  have  made  it  possible  to  isolate 
the  messenger  RNA  for  silk  fibroin  in 
greater  than  90%  purity.  The  availabil- 
ity of  an  enzyme  from  tumor  viruses 
("reverse  transcriptase")  which  is  able 
to  synthesize  complementary  DNA,  us- 
ing natural  RNA  as  a  template,  has 
prompted  us  to  try  to  synthesize  DNA 
complementary  to  silk  fibroin  mRNA. 
Such  an  "anti-messenger"  DNA  product 
could  be  a  powerful  experimental  tool  if, 
under  the  appropriate  hybridization  con- 
ditions,  it   formed   stable   hybrids   only 
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and  exclusively  with  fibroin  mRNA  se- 
quences (or  fibroin  gene  sequences  from 
native  B.  mori  DNA) .  A  DNA  product 
with  such  a  specific  nucleotide  sequence 
could  be  used  as  a  probe  to  detect  small 
amounts  of  the  mRNA.  In  this  way  cel- 
lular localization,  sites  of  synthesis,  and 
stability  of  the  mRNA  could  be  analyzed. 
We  have  used  reverse  transcriptase 
isolated  from  avian  myeloblastosis  virus 
by  the  method  of  Verma  and  Baltimore. 
The  crude  virus  was  kindly  provided  by 
Dr.  Joseph  Beard  of  Duke  University. 
When  incubated  in  the  presence  of  puri- 
fied fibroin  mRNA,  the  enzyme  catalyzes 
the  incorporation  of  deoxyribonucleotide 
triphosphates  into  DNA.  In  agreement 
with  the  results  of  other  workers,  the 
reaction  is  markedly  stimulated  by 
oligodeoxyribonucleotide  primers,  espe- 
cially (dT)w.  The  mRNA-(dT)10  re- 
action product  is  a  polydeoxyribonucleo- 
tide  which  sediments  in  an  alkaline  su- 
crose gradient  as  a  broad  6S  peak,  sug- 
gesting an  average  chain  length  of  at 
least  100  nucleotides.  Hybridization  ex- 
periments have  shown  that  the  purified 
product  reanneals  extensively  (>70%) 
with  fibroin  mRNA  but  not  with  a  thou- 
sandfold excess  of  B.  mori  carcass  RNA 
or  X.  laevis  ribosomal  RNA.  More 
stringent  tests,  involving  the  fractiona- 
tion of  B.  mori  DNA  in  various  types  of 


equilibrium  gradients,  are  now  being 
done  to  determine  whether  or  not  the 
"anti-messenger"  DNA  product  will 
hybridize  exclusively  with  the  fibroin 
genes,  which  comprise  only  about 
0.0022%  of  the  genome. 

Satellite  DNAs  of  Xenopus  mulleri 
R.  Stern 

Two  satellite  DNAs  have  been  isolated 
from  X.  mulleri  and  partially  character- 
ized. Each  accounts  for  about  2%  of  the 
DNA. 

One  satellite  DNA  bands  in  neutral 
CsCl  at  a  density  of  1.683  but  splits 
in  alkaline  CsCl,  giving  two  equal-sized 
peaks  at  1.717  and  1.761.  These  sepa- 
rated strands  have  been  isolated  and  their 
cRNA  transcripts  have  been  studied  by 
nearest  neighbor  analysis.  The  base  com- 
position of  the  heavy  strand  transcript 
has  been  calculated  to  be:  A  =  0.50,  C 
=  0.09,  G  =  0.02,  U  =  0.39.  The  nearest 
neighbor  analysis  is  suggestive  of  an  al- 
ternating rAU  polymer  with  one  in  five 
U's  replaced  by  C. 

The  second  satellite  bands  in  neutral 
CsCl  at  a  density  of  1.686  and  gives  a 
single  peak  in  alkaline  CsCl  at  1.741. 
Calculated  base  composition  of  this  satel- 
lite is:  A,  0.42,  C,  0.07,  G,  0.09,  U,  0.43. 


BIOGENESIS     OF     MITOCHONDRIA 


Relatedness  of  Mitochondrial  DNA 
of  Different  Animals 

/.  B.  Dawid  and  I.  Horak,  with  the  assistance  of 
M.  Rebbert 

Mitochondrial  DNA  (mtDNA)  of  all 
metazoan  animals  occurs  as  a  circular 
molecule  of  about  107  daltons.  The  larg- 
est size  difference  ever  observed  between 
animal  mtDNAs  amounts  to  15%  (Year 
Book  67,  p.  417).  Because  of  this  strict 
conservation  of  size,  the  question  of  se- 
quence evolution  in  mtDNA  appears  of 
interest.  We  have  extended  our  previous 


studies  of  the  mtDNAs  of  Xenopus  laevis 
and  X.  mulleri  (Year  Book  70,  p.  44)  by 
examining  the  thermal  stability  of  hetero- 
duplexes  between  these  DNAs.  This  work 
led  to  quantitative  estimates  of  the  frac- 
tion of  nucleotides  which  had  diverged 
during  evolution  of  the  two  Xenopus 
species;  this  fraction  is  about  30%  of  all 
nucleotides  in  the  mtDNA. 

We  have  compared  the  mtDNAs  of  a 
number  of  different  animals  by  a  simpler 
but  much  less  accurate  method.  It  in- 
volves the  efficiency  of  hybridization  of 
complementary  RNA  (cRNA:  RNAtran- 
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scribed  in  vitro  by  E.  coli  polymerase) 
with  its  own  template  as  compared  to 
any  other  mtDNA.  These  experiments 
were  always  done  in  both  directions  by 
preparing  two  differently  labeled  cRNAs, 
mixing  them,  and  hybridizing  filters  con- 
taining the  different  DNAs  in  the  same 
solution.  The  hybridization  technique 
involved  incubation  at  high  criterion  (see 
Year  Book  66,  p.  69)  and  treatment  of 
the  filters  with  ribonuclease.  This  treat- 
ment destroys  virtually  all  imperfect 
hybrids,  leading  to  great  differences  in 
hybridization  efficiency  between  a  per- 
fectly matching  RNA  and  an  RNA  that 
differs  in  sequence  even  to  a  moderate 
degree.  It  is  not  possible  to  determine  in 
this  way  the  fraction  of  sequences  in  two 
DNAs  that  are  identical,  or  the  propor- 
tion of  mismatched  bases  in  the  regions 
that  are  similar.  But  the  method  does 
give  a  semiquantitative  comparison  be- 
tween many  different  mtDNAs. 


Table  6  shows  the  results.  There  is  a 
general  correlation  of  cross  hybridization 
with  taxonomic  relatedness.  There  is  an 
impression  that  sequence  differences  in 
amphibians  are  greater  at  a  given  "taxo- 
nomic distance"  than  in  mammals;  e.g., 
rodents  of  different  genera  are  about  as 
different  in  their  sequences  as  different 
species  in  the  genus  Xenopus. 

The  distinction  between  subspecies  of 
M.  musculus  and  between  populations  of 
R.  pipiens  provide  interesting  cases.  M. 
musculus  mollossinus  (native  to  Japan) 
is  considered  a  subspecies  and  interbreeds 
with  the  laboratory  mouse.  The  cross- 
hybridization  efficiency  of  60%  indicates 
great  similarity  between  the  mtDNAs  of 
the  two  subspecies,  but  there  has  been 
a  definite  divergence  of  sequences.  Even 
more  impressive  is  the  difference  between 
R.  pipiens  from  Vermont  and  Wisconsin. 
It  is  known  from  the  work  of  J.  A.  Moore 
that   R.    pipiens    occurs    in    many    geo- 


TABLE  6.    Relatedness  of  Mitochondrial  DNA  of  Different  Animals 


Species 


Efficiency  of 
Cross  Hybridization 


X.    laevis-X.  mulleri 

X.    laevis-X.  gilli 

X.    mulleri-X.  gilli 

X.    laevis-Urechis  caupo 

X.    laevis-Gallus  domesticus  (chick) 

X.    laevis-Rana  pipiens  (Vt.) 

Mus  musculus-Cricetus  cricetus  (mouse,  BALB/C)  (hamster) 

M.  musculus-Rattus  norvegicus  (rat) 

M .  musculus- Homo  sapiens  (placenta) 

R.    norvegicus-H .  sapiens 

Subspecies  and  sub-populations 

M.  musculus-M .  musculus  mollossinus 

R.    pipiens  Vermont-Wisconsin 

R.    pipiens  Vermont-Arizona 

Controls 
X.    laevis,  2  shipments 
R.    pipiens,  Vermont-Vermont,  and  Wisconsin-Wisconsin 


0.1 

0.2 

0.13 

0.003 

0.02 

0.02 

0.1 

0.1 

0.03 

0.03 

0.60° 
0.786 
0.13 

1.05 
0.98 


All  hybridizations  were  done  with  complementary  RNA  (cRNA)  transcribed  in  vitro  from  the 
two  mitochondrial  DNAs  to  be  compared,  and  labeled  with  3H  or  32P.  The  mixed,  differentially 
labeled  cRNAs  were  hybridized  with  filters  containing  mtDNAs  of  one  and  the  other  species.  In 
this  way  cross-hybridization  efficiencies  in  either  direction  were  obtained;  these  were  averaged  to 
yield  the  numbers  presented. 

a Based  on  4  determinations  in  duplicate.  We  thank  Drs.  M.Potter  and  H. Coon  of  NIH  for  sup- 
plying these  animals. 

b  Based  on  11  determinations  in  duplicate,  with  two  separate  shipments  of  frogs  from  both 
locations. 


24 


CARNEGIE     INSTITUTION 


graphically  distinct  populations,  many 
of  which  can  be  bred  to  give  perfectly 
normal  progeny,  while  others  show  re- 
strictions on  cross  fertility.  Frogs  from 
Vermont  and  Wisconsin  were  indistin- 
guishable in  breeding  tests.  Since  the 
sequence  difference  between  Vermont  and 
Wisconsin  mtDNA  is  small,  two  sepa- 
rate shipments  in  different  seasons  were 
obtained  from  either  location  and 
mtDNAs  from  all  samples  tested  in  all 
combinations.  The  difference  in  cross- 
hybridization  efficiency  was  reproducibly 
observed,  while  no  significant  difference 
was  found  between  the  mtDNAs  isolated 
from  animals  from  separate  shipments 
from  the  same  location.  A  sequence  dif- 
ference between  the  mtDNAs  of  R. 
pipiens  from  Vermont  and  Wisconsin  thus 
appears  assured.  Sequence  differences 
between  the  mtDNAs  of  R.  pipiens  from 
Vermont  and  Arizona  appear  extensive. 

Propagation  of  Both  Parental 

Mitochondrial  DNAs  in 

Somatic  Cell  Hybrids 

/.  Horak  and  I.  B.  Dawid,  in  collaboration  with 

H.  G.  Coon,  Laboratory  of  Cell  Biology, 

The  National  Cancer  Institute 

The  small  molecule  of  mitochondrial 
DNA    (mtDNA)    cannot    code    for    all 


mitochondrial  proteins.  The  major  part 
of  the  genetic  information  for  mito- 
chondrial constituents  is  provided  by  the 
nuclear  genome.  The  assembly  of  mito- 
chondria requires  the  cooperation  of 
both  nuclear  and  cytoplasmic  genomes. 
For  this  reason  a  system  in  which  the 
relationships  between  the  mitochondrial 
and  nuclear  genomes  in  animal  cells  can 
be  studied  is  of  great  interest.  Hybrid 
somatic  cells  seem  to  be  such  a  system. 

We  have  studied  hybrid  cell  strains 
derived  from  the  human  cell  line  VA-2 
and  primary  cell  suspensions  from  the 
central  nervous  system  and  heart  of  rat 
and  mouse.  We  followed  the  persistence 
and  propagation  of  the  parental  mtDNAs 
in  the  hybrid  cells  by  using  the  distinct 
nucleotide  sequences  of  the  different 
DNAs  as  markers. 

A  method  was  developed  which  allowed 
the  distinction  and  quantitation  of  hu- 
man and  murine  mtDNA  by  molecular 
RNA/DNA  hybridization.  Each  parental 
DNA  was  transcribed  with  E.  coli  RNA 
polymerase  to  obtain  highly  labeled 
complementary  RNA  (cRNA).  3H- 
labeled  human  cRNA  was  mixed  with 
32P-labeled  murine  cRNA  (or  vice 
versa) ;  filters  containing  mixtures  of  the 
parental  DNAs  in  known  proportions 
were  hybridized  with  the  cRNA.   In  this 
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Fig.  7.  Calibration  curve  for  determination  of  the  proportion  of  rat  and  human  mtDNA.  Mix- 
tures of  the  two  mtDNAs  in  known  proportions  were  absorbed  to  membrane  filters  and  hybrid- 
ized together  in  a  solution  containing  3H-cRNA  transcribed  from  human  mtDNA  and  32P-cRNA 
transcribed  from  rat  mtDNA.  The  isotope  ratio  in  the  RNA  bound  to  each  filter  is  plotted  against 
the  percentage  of  rat  mtDNA  in  the  filter. 
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way  calibration  curves  were  obtained: 
any  given  proportion  of  human-to-murine 
mtDNA  is  characterized  by  a  certain 
isotope  ratio  in  the  experiment  (Fig.  7). 
The  composition  of  an  unknown  DNA 
sample  could  then  be  determined  from  its 
isotope  ratio  in  the  same  hybridization 
reaction.  This  technique  has  proved  to  be 
useful  for  the  scanning  of  large  numbers 
of  cell  strains.  The  relative  amounts  of 
parental  nuclear  DNAs  of  hybrid  cells 
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Fig.  8.  Percentage  of  murine  mtDNA  against 
percentage  of  murine  nuclear  DNA  in  indi- 
vidually derived  hybrid  cell  strains  between 
rat  and  human  cells  (a),  and  mouse  and  human 
cells  (b).  In  (a)  the  open  symbols  refer  to 
subclones  (see  text). 


were  estimated  by  the  same  principle. 
However,  the  latter  data  are  subject  to 
some  difficulties  in  interpretation  and  are 
less  reliable.  Partial  karyotype  analysis 
of  many  strains  independently  estab- 
lished their  hybrid  character. 

A  concise  way  to  present  the  data  is  by 
a  plot  of  the  fraction  of  murine  mtDNA 
in  any  given  hybrid  strain  versus  the 
fraction  of  murine  nuclear  DNA  in  the 
same  strain.  Such  plots  are  shown  in 
Fig.  8,  which  includes  all  rat-human 
strains  (33)  and  mouse-human  strains 
(13)  tested  to  date.  The  figure  shows 
that  many  of  the  lines  contained  mtDNA 
sequences  from  both  parents.  This  in- 
cludes a  number  of  subclones  (indicated 
by  the  various  open  symbols  in  Fig.  8a), 
i.e.,  clones  derived  from  individual  hy- 
brid cells  more  than  40  generations  after 
the  initial  fusion  event.  Figure  8  shows 
great  differences  between  the  rat-human 
and  mouse-human  hybrid  strains.  In  the 
former  a  general  correlation  exists  be- 
tween the  fraction  of  rat  mitochondrial 
and  nuclear  DNA  in  the  hybrid,  while 
in  the  latter  a  strong  tendency  toward 
mouse  mtDNA  is  apparent. 

The  results  obtained  so  far  show  that 
mtDNAs  from  two  different  species  can 
propagate  in  the  same  cytoplasm.  These 
experiments  promise  more  detailed  infor- 
mation on  the  relation  between  the 
chromosome  composition  of  a  hybrid  cell 
and  the  fate  of  its  mtDNA. 

Isolation  and  Properties  of 
Mitochondrial  RNA  Polymerase 

from  Ovaries  of  Xenopus  laevis 

G.-J.  Wu  and  I.  B.  Dawid 

Initial  experiments  on  the  solubiliza- 
tion of  this  enzyme  from  ovarian  mito- 
chondria were  reported  in  Year  Book  70, 
p.  46.  Since  this  report  the  mitochondrial 
RNA  polymerase  has  been  extensively 
purified  (Table  7).  We  believe  that  our 
enzyme  preparation  is  essentially  homo- 
geneous, since  it  shows  a  single  pre- 
dominant band  in  gel  electrophoresis  in 
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TABLE  7.    Purification  of  Mitochondrial  RNA  Polymerase  from  X.  laevis  Ovaries 


Steps 

Protein 

(mg) 

Total 

Activity 
(units)* 

Specific 

Activity 
(units/mg) 

Yield 
(%) 

1. 

Whole  mitochondria 

640 

1.0  X  104 

16 

100 

2. 

Mitochondria  treated  with 

2%  digitonin 

640 

5.2  X  104 

80 

520 

3. 

High-speed  supernatant 

320 

4.5  X  104 

150 

450 

4. 

Ammonium  sulfate  precipitate  at 
62.5%  of  saturation 

250 

8.6  X  104 

350 

860 

5. 

Phosphocellulose  column; 
eluate  at  0.6  M  KC1 

8 

3.2  X  104 

3900 

320 

6. 

Glycerol  gradient  centrifugation 

1 

0.8  X  104 

8630 

82 

*  One  unit  of  activity  incorporates  one  /i/xmole  of  UTP  in  20  minutes. 


the  presence  of  SDS.  This  major  poly- 
peptide chain  has  a  molecular  weight  of 
46,000  daltons.  The  mitochondrial  RNA 
polymerase  sediments  as  a  6.2S  com- 
ponent in  the  presence  of  0.1  M  KC1  or 
above,  but  aggregates  to  various  oligom- 
ers in  low  salt.  We  believe  that  the  6.2S 
form  of  the  enzyme  is  a  dimer,  or  possibly 
trimer,  of  the  basic  polypeptide  chain 
of  46,000  daltons. 

The  mitochondrial  polymerase  is  in- 
sensitive to  three  derivatives  of  rifamy- 
cin  which  are  potent  inhibitors  of 
bacterial  RNA  polymerase  (Fig.  9). 
Another  derivative  of  this  drug  does 
inhibit  the  mitochondrial  enzyme  at  high 
concentrations  (Fig.  9).  Still  another 
derivative,  3-formyl  rifamycin  SV  : 
O-n-octyloxime,  inhibits  the  enzyme  at 
similar  concentrations  (data  not  shown). 
Alpha-amanitin,  a  potent  inhibitor  of 
nuclear  RNA  polymerase  II  (Year  Book 
70,  p.  32),  does  not  affect  the  activity  of 
the  mitochondrial  enzyme  (Fig.  9). 

The  mitochondrial  RNA  polymerase  is 
clearly  distinct  from  E.  coli  polymerase 
and  from  the  three^  known  nuclear 
polymerases  of  X.  laevis  (see  Year  Book 
70,  p.  32)  in  several  properties;  includ- 
ing chromatographic  behavior  on  dif- 
ferent columns,  optimal  cation  concentra- 
tions, sensitivity  to  drugs,  and  molecular 
weight. 


The  mitochondrial  RNA  polymerase 
prefers  denatured  over  native  nuclear 
DNA  as  template  but  is  more  active  with 
native  closed -circular  mitochondrial 
DNA   (component  1)   than  with  nicked 
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Fig.  9.  Effect  of  drugs  on  mitochondrial  RNA 
polymerase  activity.  Activity  is  expressed  as 
percent  of  activity  in  ihe  absence  of  drugs. 
Rifampicin  (solid  circles),  rifampin  (triangles), 
rifamycin  SV  (pluses),  3-(4-benzyl-2,6-dimethyl- 
piperazinoiminomethyl)  rifamycin  SV  (AF/ 
ABDP)  (squares), and  a-amanitin  (open circles). 
The  arrow  points  to  the  inhibition  of  E.  coli 
polymerase  by  any  of  the  rifamycin  derivatives, 
which  is  95%  or  higher  at  1  /ug/ml. 
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Fig.  10.  Hybridization  of  RNA  transcribed  by 
mitochondrial  polymerase  from  native  (solid 
circles)  or  denatured  (open  circles)  mtDNA 
component  II  with  increasing  amounts  of  the 
H  strand  (solid  line)  or  L  strand  (dashed  line) 
of  this  DNA. 


or  denatured  mtDNA.  We  investigated 
the  question  of  whether  the  polymerase 
displayed  selectivity  for  different  parts 
of  mtDNA  during  transcription  in  vitro. 
The  first  criterion  is  strand  selection, 
i.e.,  which  of  the  strands  of  the  DNA  is 
transcribed.  This  can  be  tested,  since 
the  two  strands  of  mtDNA  can  be  sepa- 
rated in  alkaline  CsCl  gradients.  It  is 
known  that  the  major  stable  products  of 
mtDNA  in  vivo,  the  mitochondrial  rRNA 
and  most  of  the  mitochondrial  4S  RNAs 
are  transcripts  of  one  of  the  strands,  the 
H  strand  (heavy  strand) .  Figure  10 
shows  that  RNA  transcribed  by  mito- 
chondrial RNA  polymerase  from  native 
mtDNA  hybridizes  almost  exclusively  to 
the  H  strand.  However,  when  denatured 
DNA  was  used  as  template,  the  tran- 
script contained  copies  of  both  strands, 
L  strand  copies  predominating.   This  re- 


version of  strand  selectivity  is  striking, 
especially  since  E.  coli  RNA  polymerase 
transcribes  the  L  strand  preferentially, 
irrespective  of  whether  native  or  de- 
natured mtDNA  is  used  as  template. 

The  next  question  regarding  transcrip- 
tion specificity  in  vitro  asks  whether  the 
sequences  in  the  DNA  which  code  for 
mitochondrial  rRNA  are  transcribed  at 
the  same  frequency  or  at  a  different  fre- 
quency than  the  other  sequences.  This 
problem  was  approached  in  competition 
experiments  between  RNA  transcribed 
in  vitro  and  mitochondrial  rRNA.  In 
these  experiments  about  15%  of  the  hy- 
bridization of  in  vitro  RNA  could  be 
competed  for  by  rRNA,  which  is  close  to 
the  fraction  of  the  H  strand  which  codes 
for  rRNA  in  vivo.  This  result  is  compati- 
ble with  the  interpretation  that  all  se- 
quences of  the  H  strand  are  transcribed 
at  equal  frequency  by  the  mitochondrial 
polymerase  in  vitro. 

A  set  of  experiments  was  done  to  de- 
termine whether  the  closed-circular  DNA 
actually  acted  as  template,  or  whether 
nicks  were  introduced  during  transcrip- 
tion. For  this  purpose  a  polymerization 
reaction  was  terminated  by  the  addition 
of  SDS  and  the  product  sedimented 
through  a  sucrose  gradient  (Fig.  11a). 
Most  of  the  label  sedimented  at  a  rate  of 
about  39S.  This  is  the  known  sedimenta- 
tion coefficient  of  the  closed-circular 
mtDNA.  Therefore,  we  thought  that  the 
material  in  the  gradient  was  likely  to  be 
nascent  RNA  attached  to  closed-circular 
DNA.  To  demonstrate  this  point  a 
parallel  reaction  was  treated  with  a  very 
small  amount  of  DNase  before  addition 
of  SDS  and  sedimentation  (Fig.  lib). 
This  treatment  moved  most  of  the  radio- 
activity to  a  position  of  27S,  which  is  the 
sedimentation  coefficient  of  open-circular 
(or  nicked)  mtDNA.  It  is  known  that 
the  closed  form  (39S)  of  mtDNA  can  be 
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converted  to  the  open  form  (27S)  by- 
very  mild  DNase  treatment.  When  the 
reaction  product  was  treated  with  a  large 
amount  of  DNase  to  degrade  the  DNA 
entirely,  the  product  sedimented  at  about 
6S  to  12S. 

A  Comparison  of  the  Mitochondrial 

and  Cytoplasmic  Ribosomes  of 

Xenopus  laevis 

D.  E.  Leister 

The  isolation  of  mitochondrial  and 
cytoplasmic  ribosomes  from  the  ovaries 
of  X.  laevis  {Year  Book  65,  p.  515,  and 
Year  Book  69,  p.  576)  encouraged  us  to 
further  characterize  these  particles. 
Therefore,  a  study  was  initiated  to  com- 
pare their  physical  properties  and  pro- 
tein constituents. 

Preliminary  results  (which  are  in  ac- 
cord with  the  results  in  other  organisms) 
indicate  that  cytoplasmic  ribosomes  are 
composed  of  about  50%  protein  by 
weight,  whereas  the  mitochondrial  ribo- 
some  appears  to  contain  about  70%  pro- 
tein. This  high  protein  content  may  be 
an  artifact  resulting  from  contamination 
of  the  mitochondrial  ribosomes  with 
membrane  fragments,  or  may  be  a  fact 
that  compounds  their  distinctiveness  from 
other  ribosomes  (i.e.,  low  sedimentation 
coefficient,  relatively  small  RNAs,  and  no 
detectable  5S  RNA  component:  see  Year 
Book  68,  p.  514;  Year  Book  69,  p.  577; 
and  Year  Book  70,  p.  412).  Fractiona- 
tion of  the  mitochondrial  ribosomal  pro- 
teins and  determination  of  their  indi- 
vidual molecular  weights  by  two-dimen- 
sional electrophoresis  will  give  an  inde- 
pendent estimate  of  the  aggregate  molec- 
ular weight  of  proteins  in  these  particles. 

Much  of  the  work  done  to  date  has 
centered  on  the  development  of  such  a 
two-dimensional  (2D)  fractionation  tech- 
nique, and  only  cytoplasmic  ribosomal 
proteins  have  been  used.  The  strategy 
of  the  2D  system  involves  first  the  frac- 


tionation of  the  ribosomal  proteins  ac- 
cording to  their  net  positive  charge  at 
pH  4.3  in  a  4%  acrylamide  Ornstein- 
Davis  discontinuous  (stacking)  gel,  fol- 
lowed by  electrophoresis  at  pH  7.2  in  a 
10%  acrylamide  flat  slab  containing  the 
strong  anionic  detergent  SDS  (sodium 
dodecyl  sulfate).  Binding  of  SDS  gives 
all  proteins  a  net  negative  charge  and 
disrupts  the  secondary  and  tertiary 
structure  of  the  proteins,  leading  to  a 
fractionation  of  the  polypeptide  chains 
according  to  their  molecular  weight.  The 
molecular  weights  of  the  ribosomal  pro- 
teins can  be  estimated  by  comparison 
with  standard  proteins  run  in  the  same 
gel  slab.    The  advantages  of  this  tech- 
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Fig.  12.  Two-dimensional  gel  electropherogram 
of  approximately  150  jug  of  cytoplasmic  ribo- 
somal protein  on  a  13-cm  by  14-cm  flat  slab. 
Arrows  indicate  the  direction  of  migration  of 
the  protein  in  each  dimension.  The  five  molecu- 
lar weight  standards  seen  on  both  sides  of  the 
2-D  pattern  are  BSA,  ovalbumin,  trypsin,  avi- 
din,  and  cytochrome  c. 
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Fig.  13.  (A)  Molecular  weight  histogram  in  1000-dalton  increments  of  X.  laevis  cytoplasmic 
ribosomal  protein.  Data  are  from  the  gel  shown  in  Fig.  12;  faint,  large  molecular  weight  spots  are 
not  included.  (B)  similar  histogram  of  E.  coli  ribosomal  protein.  (Dzionara  et  al.,  Proc.  Nat. 
Acad.  Set.,  U.S.A.,  67,  1909,  1970). 


nique  are  that  the  ribosomal  proteins  of 
all  organisms  studied  so  far  have  a  net 
positive  charge  at  pH  4.3  and  that  the 
stacking  system  permits  the  use  of  small 
amounts  of  protein  (100  to  200  fig)  even 
in  dilute  solution.  A  detailed  description 
of  the  technique  is  available  upon 
request. 

A  pattern  of  cytoplasmic  ribosomal 
proteins  is  shown  in  Fig.  12.  About  60 
compact  spots  are  resolved.  Molecular 
weights  are  reproducible  to  about  5%, 
and  the  range  seen  on  such  gels  is  from 
about  55,000  to  below  10,000  daltons 
with  a  number  average  of  around  25,000 
daltons.  Figure  13  is  a  molecular  weight 
histogram  showing  the  distribution  of 
1000-dalton  increments  of  the  ribosomal 
proteins  of  X.  laevis  and  E.  coli.  The 
dissimilarity  of  the  distributions  will 
provide  an  interesting  comparison  to  the 
pattern  obtained  with  proteins  from 
mitochondrial  ribosomes  because  of  the 
popular  hypothesis  that  mitochondria 
have  evolved  from  intracellular  sym- 
biotic prokaryotes.  The  molecular  weight 
distribution  of  mitochondrial  ribosomal 
proteins  may  still  bear  the  imprint  of 
such  a  postulated  ancestry. 


A  Comparison  of  Electrophoretic 

and  Melting  Properties  of 

Mitochondrial  rRNA  of  Xenopus 

and  Cytoplasmic  rRNA  of  Drosophila 

I.  B.  Dawid  and  J.  W.  Chase  (now  at  Harvard 
Medical  School)  in  collaboration  with  K.  D. 
Tartof  (Institute  for  Cancer  Research,  Phila- 
delphia), and  with  the  assistance  of  M.  Rebbert 

A  linear  relation  exists  between  the 
electrophoretic  mobility  in  polyacryla- 
mide  gels  and  the  logarithm  of  the  mo- 
lecular weight  of  many  RNA  molecules, 
including  bacterial  and  eukaryote  cyto- 
plasmic rRNAs,  viral  RNAs,  and  4S  and 
5S  RNAs,  as  shown  by  Loening  and 
others.  Striking  exceptions  to  this  rule 
were  found  in  the  mitochondrial  rRNA 
molecules  (see  Year  Book  69,  p.  576; 
Year  Book  70,  p.  42).  X.  laevis  mito- 
chondrial rRNA  molecules  have  a  molec- 
ular weight  of  3.0  X  105  and  5.3  X  105, 
but  behave  in  gel  electrophoresis  as  ex- 
pected for  larger  molecules.  Furthermore, 
the  electrophoretic  mobility  varies  with 
gel  and  buffer  concentration  and  tem- 
perature. A  possible  explanation  for 
these  effects  has  been  suggested,  based  on 
the  low  GC  content  and  relatively  low 
stability  of  the  secondary  structure  in 
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mitochondrial  rRNA  as  compared  to 
most  bacterial  and  cytoplasmic  rRNAs. 
In  general,  rRNA  molecules  have  a  rela- 
tively compact  secondary  structure  and 
a  high  GC  content.  The  question  was 
raised  by  Littauer's  group,  whether  RNA 
molecules  with  a  ribosomal  function  but 
a  low  GC  content  would  have  low  sta- 
bility in  their  secondary  structure  or  a 
compact  structure  despite  their  base 
composition. 

One  measure  of  structural  stability  is 
the  melting  behavior  of  RNA,  i.e.,  the 
increase  in  absorbance  during  heating. 
Mitochondrial  rRNA  melts  at  relatively 
low  temperature  and  relatively  few  GC 
pairs  are  involved  in  the  structure.  It 
remained  undecided  whether  these  facts 
simply  reflect  the  base  composition  of  the 
mitochondrial  rRNAs,  or  whether  they 


are  important  clues  to  their  electro- 
phoretic  properties.  To  distinguish  be- 
tween these  possibilities  we  compared  the 
melting  and  electrophoretic  behavior  of 
cytoplasmic  rRNA  from  Drosophila 
melanog aster  and  mitochondrial  rRNA 
from  Xenopus  laevis,  both  of  which  have 
very   similar   overall    base   composition. 

Differential  melting  curves  of  these 
RNAs  are  shown  in  Fig.  14.  There  are 
some  differences  in  these  curves:  the 
major  melting  occurs  earlier  in  the  mito- 
chondrial RNA,  suggesting  that  its  sec- 
ondary structure  has  a  lower  stability. 
However,  some  regions  of  the  mitochon- 
drial RNA  melt  late,  so  that  at  high 
temperature  there  is  at  least  as  rapid  a 
change  of  absorbance  in  the  mitochon- 
drial RNA  as  in  the  Drosophila  rRNA. 

Another  way  of  interpreting  melting 
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Fig.  14.  Melting  behavior  of  Drosophila  cytoplasmic  rRNA  (dashed  lines)  and  Xenopus  mito- 
chondrial rRNA  (solid  lines).  Top  graphs,  260  nm;  bottom,  280  nm.  The  rate  of  increase  of 
absorbance  per  2  degrees  is  plotted  against  temperature.  The  solvent  was  0.1  M  phosphate  buffer, 
pH  6.8.    (a)  and  (b),  small  rRNAs;   (c)  and  (d),  large  rRNAs. 
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TABLE  8.   Thermal  Transition  Properties  of  rRNAs 


D.  melanogaster 


X.  laevis  Mitochondrial 


18S 

28S 

small 

large 

A  A260  (%)• 

29 

33 

29 

30 

A  A280  (%) 

27 

24 

29 

26 

GC  in  ordered  regions6 

41 

36 

44 

39 

GC  content 

41c 

38< 

43 

40 

The  solvent  was  0.1  M  phosphate  buffer,  pH  6.8. 

"Percentage  hyperchromicity  is  defined  as  A  A  =  (A05»  —  Aas")  X  100/A2s°. 
b  Calculated  according  to  Cox  and  Kanagalingam,  Biochem.  J.,  103,  749  (1967). 
cFrom  Tartof  and  Perry,  J.  Mol.  Biol,  51,  171  (1970). 


TABLE  9.   Electrophoretic  Behavior  of  rRNA 


Gel 
Concentration 

Temperature 

D. 

Apparent  Molecular  Weight  X  106 
melanogaster                      X.  laevis  mitochondrial 

(%  acrylamide) 

18S 

28S 

small 

large 

2.2 
2.7 
3.0 
2.2 
3.0 

Sedimentation  in 

room 
room 
room 
10°C 
10°C 

denatured  state" 

0.77 
0.77 
0.74 
0.71 
0.70 

1.38 
1.40 
1.30 
1.37 
1.38 

0.47 
0.44 
0.44 
0.35 
0.34 

0.30 

1.05 
0.90 
0.89 
0.66 
0.66 

0.53 

°  From  Year  Book  70,  p.  42.  Similar  data  could  not  be  obtained  for  Drosophila  rRNA,  since  the 
28S  molecule  disaggregates  under  denaturing  conditions.  The  presence  of  "hidden  breaks"  in  insect 
28S  RNA  has  been  observed  previously  by  others. 


data  is  to  calculate  the  GC  content  of 
the  regions  involved  in  secondary  struc- 
ture from  the  hyperchromicities  at  260 
and  280  nm  according  to  Cox  and  Kana- 
galingam (Table  8).  The  Drosophila 
rRNAs  yield  values  very  similar  to  the 
mitochondrial  RNAs ;  in  all  cases  the  GC 
content  of  the  structured  regions  is  very 
similar  to  the  overall  GC  content  of  the 
RNA.  This  latter  fact  appears  to  reduce 
the  value  of  this  type  of  calculation. 

The  electrophoretic  behavior  in  poly- 
acrylamide  gels  of  Xenopus  mitochon- 
drial RNA  and  Drosophila  rRNA  was 
compared.  For  this  purpose  the  apparent 
molecular  weights  under  different  condi- 
tions as  measured  against  E.  colt  rRNA 
are  shown  in  Table  9.  The  values  for 
Drosophila  RNA  agree  with  those  re- 
ported in  1969  by  Loening,  who  also 
showed  a  slight  dependence  of  the  ap- 
parent molecular  weight  on  the  composi- 


tion of  the  electrophoresis  buffer.  How- 
ever, the  variations  in  apparent  molecu- 
lar weights  of  the  Drosophila  molecules 
are  quite  small  compared  to  the  very 
large  variations  in  mitochondrial  RNA. 
We  conclude  that  the  unexpected  be- 
havior of  mitochondrial  rRNA  in  gel 
electrophoresis  is  based  on  structural 
properties  which  are  not  adequately  ex- 
plained by  the  low  GC  content  of  this 
RNA.  Some  of  these  structural  peculi- 
arities appear  to  be  expressed  in  the  melt- 
ing behavior  of  mitochondrial  RNA  as 
seen  in  the  shape  of  the  melting  curves 
(Fig.  14).  However,  the  GC  content  of 
the  ordered  regions  in  the  RNA  as  esti- 
mated from  the  hyperchromicity  ratios 
at  260  and  280  nm  appears  to  reflect 
always  the  bulk  GC  content  of  the  RNA 
and  is  thus  a  poor  indicator  of  structural 
properties. 
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CELL    DIFFERENTIATION    AND    VIRAL 
SUSCEPTIBILITY 


Biochemical  Characteristics  of 

Normal  and  Virally  Transformed 

Mouse  Cell  Lines 

M .  Yoshikawa-Fukada  and  T.  Nojima, 

Institute  for  Virus  Research,  Kyoto  University, 

in  consultation  with  J.  D.  Ebert 

A  striking  characteristic  of  oncogenic, 
virally  transformed  cells  is  a  loss  of  con- 
tact inhibition  of  growth  (or,  as  preferred 
by  Martz  and  Steinberg,  postconfluence 
inhibition  of  cell  division).  In  the  absence 
of  normal  growth  controls,  transformed 
cells  pile  up  and  form  foci.  This  phe- 
nomenon suggests  alteration  not  only  of 
cellular  membranes  but  also  of  mecha- 
nisms controlling  DNA  replication.  Dif- 
ferences between  normal  and  transformed 
cell  membranes  have  been  demonstrated 
by  immunological  and  chemical  analysis 
of  structural  components  in  cellular  mem- 
branes. Recent  findings  suggest  that  the 
cell  membrane  may  be  involved  in  regu- 
lating DNA  synthesis  and  mitosis.  Most 
notably,  Burger  and  Noonan  reported  a 
correlation  between  the  cell  membrane 
and  DNA  synthesis,  using  a  plant  ag- 
glutinin— concanavalin  A  (con  A)  — 
which  agglutinates  only  transformed 
cells.  However,  pathways  leading  from 
changes  at  the  cell  surface  to  nuclear 
control  of  DNA  replication  have  not  yet 
been  described. 

We  have  recently  reported  that  when 
the  potassium  concentration  of  a  medium 
was  raised  to  114  mM  by  equimolar  re- 
placement of  sodium,  DNA  synthesis  and 
multiplication  of  baby  hamster  kidney 
(BHK)  cells  were  almost  completely 
inhibited  (Orr  et  al.,  1972).  In  this  study, 
a  consistent  difference  between  normal 
BHK  cells  and  polyoma  virus-trans- 
formed cells  (Py  BHK)  in  response  to 
high  K+  medium  was  consistently  ob- 
served. A  higher  potassium  concen- 
tration was  required  to  inhibit 
multiplication  of  Py  BHK  cells  to  the 
same  degree  as  normal  cells.    In  an  ex- 


tension of  this  work  on  baby  hamster 
kidney  cells  it  was  suggested  that  the  cell 
membrane  potential,  which  was  in  turn 
dependent  on  the  potassium  distribution, 
might  influence  DNA  synthesis  (McDon- 
ald et  al.,  1972) .  These  potassium  effects 
on  cultured  cells  could  be  a  clue,  helping 
to  elucidate  the  correlation  between 
changes  at  the  cell  surface  and  regula- 
tion of  DNA  replication.  In  continuing 
this  study,  Yoshikawa-Fukada  and 
Nojima  have  used  the  highly  contact- 
inhibited  mouse  cell  strain  3T3  and  SV40 
virus-transformed  3T3  (SV40-3T3)  to 
clarify  (1)  the  biochemical  mechanisms 
of  growth  sensitivity  to  potassium,  (2) 
the  factors  underlying  the  differential 
effects  of  potassium  on  normal  and 
virally  transformed  cells,  and  (3)  the 
biochemical  basis  of  correlation  between 
changes  of  the  cell  membrane  and  mecha- 
nisms regulating  cellular  DNA  syn- 
thesis. 

The  earlier  findings  have  been  con- 
firmed and  extended.  The  effects  of  high 
concentrations  of  potassium  on  3T3  and 
SV40-3T3  cells  are  essentially  the  same 
as  those  on  BHK  and  Py  BHK  cells. 

A  higher  potassium  concentration  is 
required  to  inhibit  multiplication  of 
SV40-transformed  3T3  cells  to  the  same 
extent  as  that  of  normal  3T3  cells.  This 
potassium  effect  depends  upon  the  spe- 
cific activity  of  Na-K  dependent  ATPase 
in  the  membranous  fraction.  Normal 
3T3  cells,  which  have  the  higher  enzyme 
activity,  are  more  sensitive  to  potassium 
than  SV40-3T3  cells,  which  have  the 
lower  specific  activity  of  the  enzyme. 

Contact  inhibition  of  growth  and 
changes  in  concanavalin  A  binding  sites, 
which  are  characteristics  of  viral  trans- 
formation, influence  specific  activities  of 
Na-K  dependent  ATPase  and  of  adenyl 
cyclase.  Incubation  with  trypsinized 
concanavalin  A  causes  SV40-3T3  cells 
to  show  contact  inhibition  of  growth  and, 
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at  the  same  time,  higher  specific  activi- 
ties of  both  enzymes  than  those  observed 
in  untreated  cells.  The  content  of  cyclic 
3',5'-AMP  in  contact-inhibited  3T3  cells 
is  higher  than  that  in  transformed  SV40- 


3T3  cells  but  no  difference  is  detectable  in 
ATP  content.  These  findings  are  pre- 
sented in  detail  in  an  article  accepted 
for  publication  in  Journal  of  Cellular 
Physiology. 


CHANGES    IN    MEMBRANE    POTENTIAL 
DURING     THE     CELL     CYCLE 

P.  J.  Stambrook,  H.  G.  Sachs,  and  J.  D.  Ebert,  assisted  by  D.  Somerville  and  B.  Smith 

In  the  foregoing  section  we  referred  to 
the  possible  relationship  between  the  cell 
membrane  potential  and  DNA  synthesis, 
a  relationship  based  upon  the  observation 
that  the  membrane  potential  is  primarily 
dependent  upon  the  ratio  of  external  to 
internal  potassium  concentrations.  At 
high  external  potassium  concentrations 
the  membrane  potential  is  rapidly  re- 
duced and  DNA  synthesis  is  rapidly  in- 
hibited. Additional  experiments  in  which 
the  external  potassium  concentration  was 
kept  constant  suggest  that  the  inhibition 
of  DNA  synthesis  is  a  function  of  the  re- 
duction of  the  membrane  potential  rather 
than  a  change  in  external  or  internal 
potassium  concentrations. 

The  hypothesis  that  the  membrane  po- 
tential may  play  a  role  in  the  regulation 
of  DNA  synthesis  has  been  pursued  by 
examining  whether  changes  in  the  mem- 
brane potential  occur  normally  during 
the  cell  cycle.  In  preliminary  studies 
Chinese  hamster  V79  cells  with  a  12- 
hour  generation  time  have  been  synchro- 
nized by  mitotic  selection  following  a 
l^-hour  treatment  with  colcemid.  Mi- 
totic cells  were  distributed  in  a  series  of 
plastic  35-mm  Petri  plates  (105  cells/ 
plate)  for  investigation  during  subse- 
quent intervals  of  the  cell  cycle.  At  the 
start  of  the  experiments  about  98%  of 
the  cells  were  in  metaphase  (Fig.  15). 
The  periods  of  the  12-hour  cell  cycle  have 
been  roughly  defined  by  pulse-labeling 
cells  at  different  times  during  the  cell 
cycle  with  3H-thymidine  and  measuring 
the  incorporation  of  radioactivity  into 
DNA    (Fig.    16a).     In   separate   experi- 


Fig.  15.  Micrograph  of  cells  after  synchro- 
nization. Cells  grown  in  roller  bottles  were  ex- 
posed to  colcemid  (0.05  fig/ml)  for  90  minutes. 
The  colcemid-containing  medium  was  poured 
off  and  replaced  with  a  balanced  salt  solution 
which  was  swirled  gently  over  the  cell  layer, 
dislodging  mitotic  cells.  The  mitotic  cell  sus- 
pension was  centrifuged  at  1500  rpm  for  2 
minutes  and  the  cell  pellet  was  suspended  in 
either  fresh  medium  for  cell  cycle  analysis  or 
in  a  1%  sodium  citrate  solution  for  microscopic 
examination.  After  10  minutes  in  sodium  citrate, 
the  cells  were  centrifuged,  resuspended  in 
ethanol-acetic  acid  (3:1),  and  spotted  and  air- 
dried  on  a  slide.  The  preparation  was  stained 
with  toluidine  blue. 
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Fig.  16.  Cell  cycle  analysis,  (a)  DNA  synthesis  during  the  cell  cycle.  Mitotic  cells  were  sus- 
pended in  fresh  medium  and  distributed  into  a  series  of  plastic  T-flasks.  At  intervals  during  the 
cell  cycle,  duplicate  samples  were  labeled  for  10  minutes  with  3H-thymidine,  and  the  incorpora- 
tion of  radioactive  thymidine  into  DNA  was  determined,  (b)  Membrane  potential  during  the 
cell  cycle.  Mitotic  cells  from  two  separate  experiments  were  suspended  in  fresh  medium  and 
distributed  into  a  series  of  35-mm  plastic  Petri  plates  at  105  cells  per  plate.  At  subsequent  inter- 
vals the  cells  were  impaled  and  the  membrane  potential  was  measured.  Open  symbols  represent 
measurements  from  one  experiment;  solid  symbols  represent  measurements  from  a  second  ex- 
periment. The  width  of  the  standard  error  bars  reflects  the  time  interval  during  which  the 
measurements  were  made.  The  circles  represent  membrane  potentials  of  interphase  cells;  tri- 
angles show  the  membrane  potential  of  metaphase  cells;  and  the  "X"  represents  the  membrane 
potential  of  anaphase,  telophase,  and  very  early  Gi  cells. 
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raents  isolated  cells  were  impaled  to 
measure  membrane  potentials  as  the  cells 
progressed  through  the  cell  cycle.  Figure 
16b  shows  the  pooled  results  of  two  such 
experiments  where  the  position  of  the 
cells  in  the  cell  cycle  can  be  related  to  the 
curve  in  Fig.  16a.  Each  point  represents 
15  to  28  separate  measurements.  Cells 
in  late  Gi  have  a  relatively  low  mem- 


brane potential  which  rises  abruptly  at 
about  the  time  DNA  synthesis  begins. 
The  membrane  potential  remains  stable 
through  S  and  G2  and  then  drops  as  cells 
enter  metaphase.  As  cells  proceed  into 
anaphase,  telophase,  and  very  early  Gx, 
the  membrane  potential  drops  to  an  even 
lower  level. 


THE  INCORPORATION  AND  UPTAKE  OF  URIDINE, 

AND  URIDINE  KINASE  ACTIVITY  DURING 

THE  CELL  CYCLE 

P.  J.  Stambrook  and  J.  D.  Ebert  in  collaboration  with  J.  E.  Sisken  (University  of  Kentucky 
Medical  Center),  with  the  assistance  of  D.  Somerville  and  B.  Smith 


The  rate  of  3H-uridine  incorporation 
into  RNA  increases  tenfold  during  the 
12-hour  cell  cycle  of  mitotically  synchro- 
nized Chinese  Hamster  V79  cells.  Stam- 
brook and  Sisken  have  recently  shown 
that  in  contrast  to  3H-uridine,  the  rate  of 
3H-adenine  incorporation  into  RNA  in- 
creases only  twofold  over  the  same  time 
period.  The  rate  of  RNA  synthesis, 
which  was  measured  by  relating  the  rate 
of  3H-adenine  incorporation  into  RNA  to 
the  specific  activity  of  the  ATP  pool, 
also  only  doubles  during  the  cell  cycle. 
Since  the  rate  of  uridine  incorporation  in 
this  system  does  not  reflect  the  rate  of 
RNA  synthesis,  we  have  undertaken  a 
study  to  examine  the  nature  of  the  ten- 
fold increase  in  the  rate  of  3H-uridine 
incorporation  into  RNA. 

Stambrook  and  Sisken  have  earlier 
shown  that,  like  the  rate  of  3H-uridine 
incorporation  into  RNA,  the  rate  of  3H- 
uridine  uptake  into  acid-soluble  material 
increases  tenfold  during  the  cell  cycle 
(Fig.  17).  They  have  suggested  that  the 
observed  rise  in  uridine  uptake  may  be 
due  to  a  change  in  the  uridine  transport 
activity.  To  explore  this  possibility,  the 
kinetics  of  uridine  incorporation  and  up- 
take in  logarithmically  growing  cells 
were  examined  in  the  presence  of  increas- 
ing exogenous  uridine  concentrations. 
Cells  were  labeled  for  10  minutes  with 
2/xc/ml  5-3H-uridine  in  the  presence  of 


increasing  amounts  of  unlabeled  uridine, 
and  the  amount  of  uridine  that  entered 


4  6 

Time  (hrs) 

Fig.  17.  Incorporation  and  uptake  of  5-3H 
uridine.  Mitotic  cells  were  distributed  into  a 
series  of  plastic  T-flasks  and  labeled  for  10 
minutes  with  5-3H  uridine.  After  the  cells  were 
washed,  trypsinized,  and  pelleted  by  centri- 
fugation,  1.0  ml  of  cold  5%  TCA  was  added  to 
the  pellets.  The  radioactivity  extracted  into 
the  supernatant  was  used  as  a  measure  of  acid- 
soluble  radioactivity.  The  remaining  •  precipi- 
tates were  washed  and  dissolved  in  1.0  ml  of 
3.0  TV  KOH.  The  radioactivity  in  the  KOH 
hydrolysate  was  used  as  a  measure  of  uridine 
incorporation  into  RNA.  Triangles  represent 
uridine  incorporation  into  RNA;  circles  repre- 
sent uridine  uptake  into  acid-soluble  material. 
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Fig.  18.  Kinetics  of  uridine  incorporation  and  uptake.  Duplicate  plastic  T-flasks  containing  10a 
cells  were  labeled  for  10  minutes  with  5-3H  uridine  (2fic/ml)  in  the  presence  of  increasing  con- 
centrations of  unlabeled  uridine.  The  amount  of  uridine  incorporated  into  RNA  and  taken  up 
into  acid-soluble  material  was  determined  from  the  known  specific  activity  of  the  added  uridine, 
and  the  radioactivity  in  the  RNA  and  the  acid-soluble  material.  Triangles  represent  uridine  in- 
corporation into  RNA;  circles  represent  uridine  uptake  into  acid-soluble  material. 


the  cell  and  that  was  incorporated  into 
RNA  was  calculated.  The  increase  in  the 
rates  of  uridine  uptake  and  incorporation 
follows  Michaelis-Menton  kinetics  (Fig. 
18).  A  double  reciprocal  plot  (Fig.  19) 
reveals  that  the  apparent  Km  for  uridine 
uptake  is  the  same  as  that  for  uridine 
incorporation  into  RNA,  which  suggests 
that  the  transport  of  uridine  into  the  cell 
is  the  rate-limiting  step  for  the  incorpora- 
tion of  uridine  into  RNA. 

Since  uridine  uptake  and  incorporation 
during  the  cell  cycle  were  studied  under 
conditions  where  uptake  is  rate  limiting, 
we  have  considered  the  possible  involve- 
ment of  uridine  kinase  activity  in  the 
observed  tenfold  rise  in  uridine  uptake. 
Uridine  is  rapidly  labeled  as  it  enters  the 
cell,  and  in  systems  where  the  rate  of 
uridine  uptake  increases  there  is  usually 
a  rise  in  uridine  kinase  activity.  The 
ability  of  cells  to  phosphorylate  uridine 
at  different  times  during  the  12-hour  cell 
cycle  under  the  labeling  conditions  used 
was  therefore  examined.  Cells  from  dif- 
ferent intervals  of  the  cell  cycle  were 
labeled  for  10  minutes  with  5-3H-uridine 


(2/ic/ml),  and  the  distribution  of  acid- 
soluble  radioactivity  in  uridine  deriva- 
tives was  examined  by  ion-exchange  thin 
layer  chromatography.  The  separation  of 
labeled  acid-soluble  compounds  from 
logarithmically  growing  cells  is  depicted 


Uridine  concentration  (^.m) 


Fig.  19.  A  double  reciprocal  plot  of  the  data 
in  Fig.  18.  Triangles  represent  uridine  incorpo- 
ration into  RNA;  circles  represent  uridine  up- 
take into  acid-soluble  material. 
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Fig.  20.  Distribution  of  acid-soluble  radio- 
activity. Randomly  growing  cells  were  labeled 
for  10  minutes  with  5-3H  uridine  (2/uc/ml).  The 
cells  were  washed,  trypsinized,  and  pelleted  by 
centrif ligation,  at  which  time  1.0  ml  of  0.4  M 
PCA  was  added  to  the  pellet.  After  20  minutes 
at  4°C,  the  supernatant  was  neutralized  with  0.5 
ml  of  0.72  N  KOH-0.16  M  KHCOs.  The  re- 
sulting KCIO4  precipitate  was  removed  by 
centrifugation,  and  50  fA  of  the  remaining  super- 
natant was  chromatographed  on  a  PEI  cellu- 
lose thin  layer  plate.  The  plate  was  developed 
by  running  0.14  M  LiCl  to  the  origin  (3  cm  from 
the  base  of  the  plate)  and  1.4  M  LiCl  an  addi- 
tional 14  cm.  The  lanes  containing  the  sample 
were  cut  out  and  sectioned  into  V2  cm  fractions, 
and  the  radioactivity  in  each  fraction  was 
determined.  The  circles  and  solid  line  represent 
the  distribution  of  acid-soluble  radioactivity; 
the  crosses  and  dashed  line  show  the  radio- 
activity of  commercial  5-3H  uridine  from  a 
similar  chromatogram. 

in  Fig.  20.  Commercial  uridine  contained 
two  significant  contaminants,  one  that 
remained  at  the  origin  and  one  that  mi- 
grated slightly  ahead  of  UDP-glucose. 
The  distribution  of  acid-soluble  radio- 
activity from  logarithmically  growing 
cells  or  from  synchronized  cells  at  dif- 
ferent points  of  the  cell  cycle  was  similar 
(Table  10).    In  all  cases  70  to  75%  of 


the  radioactivity  was  in  UTP,  15  to  20% 
in  material  that  migrated  with  the  UDP- 
glucose  standard,  and  the  remainder 
divided  between  EDP  and  UMP.  No  sig- 
nificant radioactivity  was  associated  with 
the  uridine  marker.  At  all  times  during 
the  cell  cycle  the  uridine  is  phosphoryl- 
ated  as  it  enters  the  cell  or  immediately 
thereafter,  which  suggests  that  if  uridine 
kinase  is  rate  limiting  in  the  uptake  of 
uridine  it  should  undergo  a  tenfold  rise 
in  activity  concomitant  with  the  tenfold 
rise  in  uridine  uptake.  Alternatively,  the 
phosphorylation  of  uridine  may  be  inde- 
pendent of  the  transport  of  uridine  into 
the  cell  and  the  uridine  kinase  not 
saturated  by  the  exogenous  uridine  at  any 
time  during  the  cell  cycle. 

To  distinguish  between  these  alterna- 
tives, we  have  measured  the  cellular  uri- 
dine kinase  activity  at  intervals  during 
the  cell  cycle.  The  assay  conditions  in- 
volved lysing  the  cells  by  freeze-thawing 
in  buffer  A,  which  consists  of  10  ml 
Tris-HCl  pH4,  10  ml  NaCl,  1.5  mM 
MgCl2,  1.0  mM  CaCl2,  and  1.0  mM 
triethanolamine.  The  fractured  cells  were 
centrifuged  for  15  minutes  at  10,000  rpm 
to  sediment  the  particulate  membranous 
fraction,  and  the  supernatant  was  saved 
for  the  kinase  assay.  The  reaction  was 
carried  out  at  37 °C  by  adding  cell  lysate 
to  buffer  B,  which  consists  of  10  mM 
MgCl2  20  mM  ATP,  200  mM  Tris-HCl 
pH  8.2,  100  mM  KC1,  10  mM  mercap- 
toethanol,  and  20  fiM  uridine  with  a  spe- 
cific activity  of  2.5  mC/juM.  The  extent 
of  uridine  phosphorylation  was  deter- 
mined by  separating  the  reaction 
products  by  ion-exchange  thin  layer 
chromatography  and  counting  the  radio- 
activity associated  with  uridine  and  its 
phosphorylated  derivatives.  The  reaction 
was  linear  for  40  minutes  and  for  cell 
concentrations  between  106  cells/ml  and 
107  cells/ml.  Cells  synchronized  by 
mitotic  selection  were  tested  for  uridine 
kinase  activity.  Cells  at  different  inter- 
vals during  the  cell  cycle  were  suspended 
at  a  density  of  6  X  106  cells/ml  and  were 
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TABLE  10.   Distribution  of  Acid-Soluble  Radioactivity  from  Cells  at  Different  Stages  of 

the  Cell  Cycle 


Time  in  the 

Percent  Radioactivity 

Cell  Cycle  (hrs) 

UMP 

UDP 

UTP 

UDPG 

Uridine 

3 

6 

9 

12 

Nonsynchronized  cells 

1.3 

5.6 
1.7 
1.4 

1.8 

3.9 

11.8 

6.0 

3.2 

5.0 

77.2 
69.4 
75.8 
76.4 

72.4 

17.5 
13.2 
16.1 
18.5 

20.4 

0.1 
0 

0.4 
0.5 

0.4 

Mitotic  cells  were  collected  and  distributed  into  a  series  of  plastic  T-flasks.  At  subsequent  inter- 
vals duplicate  plates  were  labeled  for  10  minutes  with  5-3H  uridine  (2/j.c/ml).  The  cells  were 
treated  as  described  in  Fig.  20,  and  acid-soluble  uridine  derivatives  were  separated  by  PEI  thin 
layer  chromatography.  The  percent  of  the  total  acid-soluble  radioactivity  associated  with  the 
UMP,  UDP,  UTP,  and  UDP-glucose  markers  was  determined. 


treated  as  described  above.  Over  the 
time  period  examined  the  uridine  kinase 
activity,  expressed  as  the  amount  of  uri- 
dine phosphorylated  in  vitro,  increased 
almost  threefold  (Table  11).  This  in- 
crease cannot  account  for  the  observed 
tenfold  rise  in  the  rate  of  uridine  uptake 
into  the  cell  and  strongly  suggests  that 
under  the  labeling  conditions  used,  cel- 
lular uridine  kinase  is  not  saturated  by 
the  added  uridine.  The  possibility  that 
the  transport  of  uridine  into  the  cell  and 
its  rapid  intracellular  phosphorylation 
are  independent  events  is  currently  being 
tested. 


TABLE   11.    Uridine  Kinase  Activity  during 
the   Cell  Cycle 


Time 

pmoles  Uridine 

(hours) 

Phosphorylated 

2 

42 

4 

48 

6 

60 

8 

58 

10 

85 

12 

120 

Mitotic  cells  were  collected  and  distributed  in 
plastic  T-flasks.  At  intervals,  cells  were  trypsin- 
ized,  washed,  and  suspended  in  buffer  A  at  6  X 
106  cells/ ml.  Cell  lysates  were  prepared  and  the 
uridine  kinase  activity  was  measured  as  de- 
scribed in  the  text. 


STUDIES     ON     MUSCLE    FIBER    MEMBRANES 

Douglas  Fambrough,  H.  Criss  Hartzell,  John  E.  Rash,  Jeanne  Powell,  and  Michael  Edidin 
(Department  of  Biology,  The  Johns  Hopkins  University)  with  the  technical  assistance  of 

Nancy  Joseph 


Acetylcholine  Receptors  in  Skeletal 
Muscle  Fiber  Membranes 

H.  Criss  Hartzell  and  Douglas  Fambrough 
assisted  by  Nancy  Joseph 

Acetylcholine   receptors   begin  to   ap- 
pear throughout  the  surface  membranes 


of  myogenic  cells  as  they  differentiate 
into  skeletal  muscle  fibers  ( Year  Book  70, 
p.  61).  Following  innervation,  the  dis- 
tribution of  receptors  is  changed,  and  in 
the  mature  innervated  muscle  fiber,  re- 
ceptors are  localized  in  a  small  area  of 
membrane   (the  endplate)   at  the  neuro- 
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muscular  junction.  If  an  adult  muscle 
fiber  is  denervated,  acetylcholine  re- 
ceptors reappear  all  over  the  fiber  surface. 
While  these  general  features  were  well 
known  at  least  ten  years  ago,  the  data 
upon  which  they  were  based  were  ob- 
tained by  the  iontophoretic  technique, 
which  is  only  semiquantitative.  During 
the  past  year  we  have  continued  our 
study  of  acetylcholine  receptors  in 
muscle  fiber  membranes,  using  a  newer 
technique  to  supplement  iontophoresis. 
The  newer  technique  involves  the  bind- 
ing of  radioactively  labeled  a-bungaro- 
toxin  to  acetylcholine  receptors  followed 
by  the  use  of  quantitative  radionuclide 
detection  methods.  Both  techniques  are 
described  in  previous  Year  Books  (Year 
Book  70,  p.  62;  Year  Book  68,  p.  531). 
Now  we  have  a  fairly  quantitative  de- 
scription of  the  number  and  spatial  dis- 
tribution of  acetylcholine  receptors  in 
muscle  fiber  membranes. 

We  are  particularly  interested  in 
acetylcholine  receptors  because  they  can 
serve  as  a  focal  point  for  various  direc- 
tions of  scientific  inquiry.  Acetylcholine 
receptors  play  a  central  role  in  transduc- 
tion of  a  chemical  to  an  electrical  signal 
at  a  "model"  synapse,  the  neuromuscular 
junction.  Thus  they  are  a  prime  subject 
for  both  physiological  and  pharmaco- 
logical studies.  As  one  of  the  few  readily 
identified  components  of  cell  membranes 
which  are  specific  to  certain  types  of  dif- 
ferentiated cells,  ACh  receptors  are  a 
convenient  marker  in  studies  of  cell 
differentiation.  Finally,  since  the  distri- 
bution of  acetylcholine  receptors  in 
muscle  fiber  membranes  is  profoundly 
altered  by  innervation  and  this  alteration 
can  be  experimentally  reversed,  acetyl- 
choline receptors  are  a  natural  focal  point 
for  studies  of  the  cellular  interactions  in- 
volved in  synaptogenesis  and  of  the  con- 
tinuing interactions  between  pre-  and 
postsynaptic  elements. 


Receptor  Production  and  Incorporation 

into  Membranes  of  Developing 

Muscle  Fibers 

As  reported  last  year  {Year  Book  70, 
p.  62),  the  appearance  of  new  acetylcho- 
line receptors  in  the  surface  membranes 
of  developing  muscle  fibers  can  be  studied 
by  saturating  all  existing  receptor  sites 
with  a-bungarotoxin  and  then  studying 
the  recovery  of  acetylcholine  sensitivity 
or  the  appearance  of  new  bungarotoxin 
binding  sites.  The  kinetics  of  a-bungaro- 
toxin  binding  to  new  sites  is  the  same  as 
to  the  original  set,  confirming  that  the 
new  sites  are  qualitatively  like  the  origi- 
nal ones.  The  production  of  new  sites  is 
unaffected  by  the  binding  of  a-bungaro- 
toxin,  and  thus  represents  the  normal  rate 
of  receptor  production  during  myogenesis. 
During  the  first  few  days  of  myotube 
growth,  new  receptors  appear  in  the  mem- 
brane at  a  rate  of  90  receptors//xm2  of 
membrane/hour.  However,  the  acetyl- 
choline receptor  density  increases  at  a 
rate  of  only  35  receptors//xm2/hour  as 
the  result  of  a  concurrent  increase  in 
myotube  surface  area.  New  receptors 
appear  rather  randomly  over  the  surface 
of  the  young,  developing  myotubes,  sug- 
gesting that  there  is  no  specific  site  of 
new  membrane  synthesis  on  a  myotube. 
Similarly,  the  total  receptor  population 
on  young  myotubes  is  rather  uniformly 
distributed  over  the  surface  (Fig.  21  A). 
The  distribution  becomes  much  less  even 
on  some  of  the  older  myotubes,  particu- 
larly for  older  chick  myotubes  as  com- 
pared with  rat. 

Cycloheximide,  an  inhibitor  of  protein 
synthesis,  blocks  the  appearance  of  new 
receptors,  but  this  blockade  takes  about 
21/-!  hours  to  become  maximally  effective, 
although  protein  synthesis  is  immedi- 
ately inhibited.  This  suggests  that  there 
is  a  pool  of  intracellular  receptors  which 
slowly   empties   into   the   surface   mem- 
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Fig.  21.  Autoradiographs  of  myotubes  and  muscle  fibers  to  which  125I  a-bungarotoxin  had  been 
bound.  Grains  over  fibers  mark  approximate  sites  of  radioactive  decay  and  thus  indicate  ap- 
proximate location  of  acetylcholine  receptors.  (A)  Young  rat  myotube  in  tissue  culture,  rather 
uniformly  covered  with  receptors.  (B)  Cultured  rat  myotube  upon  which  two  chick  nerve  proc- 
esses terminate  (arrows)  at  regions  of  high  receptor  density.  (C)  Portion  of  isolated  muscle 
fiber  from  neonatal  rat,  including  endplate  region.  (D)  Portion  of  adult  rat  muscle  fiber,  includ- 
ing endplate  regions.  (E)  Portion  of  10-day  denervated  rat  muscle  fiber,  including  endplate 
region.  In  (C)  and  (E)  note  evidence  of  extra.) unctional  receptors.  Magnification  bars  indicate 
20  Mm. 


brane,  or  else  a  set  of  "inactive"  receptors 
which  fail  to  bind  a-bungarotoxin  until 
they    are    converted    to    functional    re- 


ceptors. For  a  more  complete  account  of 
these  results,  see  Hartzell  and  Fam- 
brough  (Develop.  Biol.,  1972,  in  press). 
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Acetylcholine  Receptor  Distribution 

during  Early  Nerve-Muscle 

Interaction 

As  reported  last  year  (Year  Book  70, 
p.  59) ,  when  rat  myogenic  cells  are  cul- 
tured together  with  chick  spinal  neurons, 
primitive  nerve-muscle  interactions  oc- 
cur. These  interactions  include  the 
spontaneous  release  of  packets  of  acetyl- 
choline molecules  by  nerve  processes  and 
the  resultant  electrical  activity  in  the 
affected  myotubes.  Electron  microscopic 
analysis  of  nerve-muscle  contacts  where 
such  interactions  had  been  detected  has 
so  far  failed  to  reveal  any  specializations 
which  might  be  interpreted  as  developing 
neuromuscular  junctions.  Thus  these 
nerve-muscle  interactions  appear  to  be 
mediated  through  the  most  primitive 
possible  association  of  cellular  elements. 
Supporting  this  suggestion  are  the  obser- 
vations by  Gerald  Fischbach  and  by 
ourselves  that  the  size  and  shape  of  the 
miniature    potentials    recorded    in   these 


cultured  myotubes  are  quite  variable, 
possibly  due  to  variation  in  the  size  of 
acetylcholine  packets  and  variation  in 
the  distance  between  sites  of  acetylcho- 
line release  and  the  reacting  myotube  sur- 
face membranes. 

Despite  the  primitiveness  of  the  con- 
tacts, we  find,  using  125I-labeled  a-bun- 
garotoxin,  that  such  contacts  represent 
positions  on  myotube  surfaces  where 
there  is  unusually  dense  clustering  of 
acetylcholine  receptors  (Fig.  21B).  We 
do  not  know  if  such  receptor  densities 
are  induced  by  the  nerve  or  conversely  if 
the  nerve  preferentially  associates  with 
such  areas. 

We  have  also  studied  the  binding  of  a- 
bungarotoxin  to  skeletal  muscle  fibers  of 
new-born  rats,  where  neuromuscular 
junctions  are  in  the  process  of  developing 
and  are  still  rudimentary.  As  illustrated 
in  Fig.  21C,  such  fibers  already  have  a 
discrete  area  of  high  receptor  density  cor- 
responding to  the  endplate  membrane  at 
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Fig.  22.    Distribution  of  grains  over  neonatal  rat  diaphragm   muscle  fiber  in  autoradiograph 
after  incubation  of  muscle  in  125I  a-bungarotoxin.  Units  on  abscissa  indicate  distance  from  endplate. 
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the  neuromuscular  junction.  Within  the 
first  few  postnatal  days,  the  number  of 
receptors  outside  the  endplate  decreases 
markedly.  Our  preliminary  observations 
suggest  that  the  receptors  far  from  the 
endplate  disappear  most  rapidly,  so  that 
for  the  first  several  postnatal  days  some 
fibers  have  a  distribution  of  receptors  as 
illustrated  in  Fig.  22.  Such  a  distribution 
is  predicted  from  the  work  of  Diamond 
and  Miledi  on  acetylcholine  sensitivity 
of  diaphragm  muscle  fibers  in  neonatal 
rats. 

Number  and  Distribution  of  Acetyl- 
choline Receptors  in  Adult  Skeletal 
Muscle  Fibers 

When  adult  rat  diaphragm  fibers  are 
exposed  to  125I  a-bungarotoxin  and  then 
single  fibers  are  teased  from  the  muscle 
mass  and  analyzed  by  autoradiographic 
techniques,  the  acetylcholine  receptors 
(a-bungarotoxin  binding  sites)  are  re- 
vealed to  be  localized  almost  exclusively 
to  the  endplate  membrane  at  the  neuro- 
muscular junction  (Fig.  21D).  Whereas 
in  cultured  myotubes  the  acetylcholine 
receptor  density  is  about  1500  receptors/ 
jtiin2  of  surface  membrane,  in  the  adult 
diaphragm  fibers  the  receptor  density  in 
regions  remote  from  the  endplate  is  less 
than  5  receptors//mi2  of  surface  mem- 
brane. 

At  the  endplate,  the  receptor  density 
is  about  13,000  receptors//xm2  of  surface 
membrane.  This  value  cannot  be  accu- 
rately determined  from  autoradiographs 
of  whole-mounted  fibers,  due  to  the  com- 
plex infolding  of  the  endplate  membrane. 
To  make  this  determination,  fibers  to 
which  125I-labeled  a-bungarotoxin  was 
bound  were  subsequently  stained  for 
acetylcholinesterase  to  reveal  the  loca- 
tion of  each  endplate.  Then  by  microdis- 
section small  groups  of  fiber  segments 
containing  known  numbers  of  endplates 
were  isolated.  These  were  hydrolyzed  in 
6  N  HC1,  and  the  hydrolysates  were  as- 
sayed for  total  125I  by  scintillation  spec- 
trometry. The  hydrolysis  step  eliminates 


problems  of  sample  thickness  and  conse- 
quent self-absorption  of  energy  from  the 
radionuclide  decay.  The  total  number  of 
receptors  per  endplate  was  found  to  in- 
crease with  increasing  age  and  weight  of 
the  rats,  just  as  muscle  fiber  diameter 
does.  For  adult  male  rats  (300-350 
grams)  having  an  estimated  endplate  sur- 
face area  of  3000  fi,  there  are  about 
40,000,000  receptors  per  endplate,  which 
corresponds  to  a  receptor  density  of  about 
13,000//un2.  At  this  packing  density  a 
high  percentage  of  total  endplate  mem- 
brane must  be  acetylcholine  receptor.  For 
comparison,  the  photoreceptor  rhodopsin, 
which  is  probably  about  the  same  size  as 
the  ACh  receptor,  is  present  at  a  density 
of  20,000  receptors//i,m2  in  retinal  rod 
outer  segment  membranes  and  constitutes 
80-90%  of  the  membrane  protein.  For 
a  more  complete  account  of  these  studies, 
see  Fambrough  and  Hartzell,  Science, 
176,  189,  1972. 

Acetylcholine  Receptor  Density 

in  Denervated  Muscle  Fiber 

Membranes 

In  contrast  to  the  innervated  adult 
skeletal  muscle  fiber  where  extrajunc- 
tional  receptor  density  is  very  low,  the 
extrajunctional  receptor  density  of  de- 
nervated fibers  quickly  increases  until 
two  weeks  after  denervation  it  ap- 
proaches 1,700  receptors//xm2  for  dener- 
vated rat  diaphragm  (Fig.  21E).  The 
increase  in  receptor  density  begins  about 
48  hours  after  denervation  and  ceases 
about  two  weeks  later.  By  45  days  after 
denervation,  receptor  density  has  de- 
creased to  about  500  receptors//j.m2  as 
the  fibers  are  undergoing  atrophy  (Table 
12). 

Coordinate  with  the  increase  in  acetyl- 
choline receptors  following  denervation, 
there  is  an  increase  in  acetylcholine  sen- 
sitivity as  measured  by  electrophysio- 
logical techniques.  For  denervated  rat 
diaphragm,  we  have  determined  an  em- 
pirical relationship  between  receptor 
density  (a)  in  receptors//i.m2  and  acetyl- 
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TABLE  12.   Extrajunctional  ACh  Receptor  Density  and  ACh  Sensitivity  of  Denervated  Muscles 


Sample 

ACh  Receptor  Density*, 

receptors/jum2 

ACh  Sensitivity,  mV/nC 

(mean  ±  standard  error) 

(mean 

±  standard  error) 

Control 

less  than  5 

(20)  J 

less  than  0.01                   (10) 

2-dayf 

7  ±.    3 

(  9) 

less  than  0.01                   (10) 

3-day 

223  ±    48 

(16) 

7.2 

±  1.9                    (12) 

4-day 

553  ±    54 

(24) 

37 

±  9                       (19) 

5-day 

572  ±    68 

(10) 

6-day 

836  ±    85 

(23; 

92 

±  9                       (19) 

7-day 

929  ±    78 

(2- 

112 

±  13                     (11) 

10-day 

1241  ±    67 

do) 

189 

±  18                     (20) 

14-day 

1695  db  178 

(26) 

310 

±  36                     (16) 

45-day 

529  ±  193 

(10) 

Control  (150-250  /an 

away 

from 

endplate) 

7  ±  3 

(  6) 

*  ACh  receptor  density  was  measured  by  autoradiography  as  described  in  "Methods"  section. 
Exposure  was  timed  (between  1  and  14  days)  to  adjust  grain  density  between  5  and  20  grains/ 100 
urn2,  and  the  grains  in  at  least  2000  jum2  were  counted  on  each  fiber  at  a  distance  greater  than  1  mm 
from  the  endplate  unless  indicated  otherwise  (last  line  of  table).  Grains  were  counted  directly  under 
1250  X  magnification,  using  a  net  micrometer  to  measure  areas.  ACh  sensitivities  were  measured 
as  described  in  "Methods"  on  fibers  about  2-5  mm  from  the  area  of  the  neuromuscular  junction. 

t  Days  denervated. 

t  Numbers  in  parentheses  refer  to  the  number  of  muscle  fibers  measured. 


choline  sensitivity  (S)  in  millivolts  de- 
polarization/ nanocoulomb  of  ionto- 
phoretically  ejected  charge:  log  o-  = 
— 0.53  log  (1/S)  -4-  fc.  In  determining 
this  relationship  no  adjustments  were 
made  for  systematic  variations  in  resting 
potential  and  input  resistance  (which 
partially  cancel  each  other)  known  to 
occur  following  denervation.  These  ad- 
justments would  only  slightly  change  the 
absolute  value  of  the  coefficient  of  the 
term,  log  (1/S) .  Simultaneously  with  this 
work  but  totally  independent  of  it,  Kahn 
and  Le  Yaouanc  (J.  Physiol,  218,  p.  97, 
1971)  developed  a  theoretical  relation- 
ship between  receptor  density  and  acetyl- 
choline sensitivity,  based  upon  a  rather 
crude  model  of  the  iontophoretic  meas- 
urement. Their  relationship  can  be  re- 
written as  log  a  =  —0.67  log  (1/S)  +  fc. 
The  similarity  between  our  empirical  and 
their  theoretical  relationship  may  indi- 
cate that  the  true  relationship  can  be  sat- 
isfactorily explained  in  terms  of  those 
factors  considered  by  Kahn  and  Le 
Yaouanc. 


Electrical  Properties  and 

Acetylcholine  Sensitivity  of  Normal 

and  Dysgenic  Mouse  Skeletal 

Muscle  in  Culture 

Jeanne  Powell 

The  mdg  (muscular  dysgensis)  muta- 
tion in  the  mouse  is  a  single  recessive 
autosomal  mutation  which  is  character- 
ized by  progressive  degeneration  of  de- 
veloping muscle  and  absence  of  histo- 
chemical  staining  of  cholinesterase  at  the 
motor  endplates  in  late  fetal  stages.  When 
myogenic  tissue  from  the  mutant  embryo 
is  grown  as  dispersed  cell  cultures,  the 
muscle  has  been  reported  to  differentiate 
normally  except  for  the  virtual  absence 
of  spontaneous  contractility,  although 
local  contraction  waves  can  be  elicited 
and  glycerol-exlracted  cells  contract 
upon  addition  of  ATP.  We  thought  that 
studies  of  the  comparison  of  the  electrical 
properties  of  these  mutant  cells  with  nor- 
mal cells  grown  in  vitro  might  lead  to  a 
localization  of  the  lesion  at  the  excitable 
membrane  level  or  at  the  excitation-con- 
traction-coupling level. 
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The  acetylcholine  sensitivity  of  the  cul- 
tured cells  was  measured  by  intracellular 
recording  and  iontophoretic  application 
of  acetylcholine.  Both  normal  and  dys- 
genic  myotubes  showed  a  similar  range  of 
sensitivity  (40-1200  mV/nC).  Also,  an 
autoradiographic  study  of  radioactive 
a-bungarotoxin  binding  showed  qualita- 
tively similar  and  fairly  uniform  binding 
of  bungarotoxin  to  both  types  of  myo- 
tubes. 

Employing  intracellular  recording,  we 
have  determined  the  passive  membrane 
constants  from  an  analysis  of  the  trans- 
membrane potential  responses  to  pulses 
of  current  by  two  methods:  (1)  one- 
point  recording  analysis,  assuming  the 
myotubes  could  be  represented  as  sealed, 
finite  cylinders  (Fischbach  et  al.,  J.  Cell 
Physiol,  78,  289,  1971);  (2)  three-point 
recording  and  cable  analysis,  assuming 
the  myotubes  to  be  infinite  cylinders.  In 
some  cases  the  results  from  the  two  types 
of  analyses  were  comparable  (Table  13) 
and  were  consistent  with  the  results  of 
the  one-point  analysis  of  chick  muscle 
cells  grown  in  vitro.  However,  one  ano- 
maly was  frequently  encountered  in  the 
on  and  off  transient  of  the  transmem- 
brane voltage  change.  In  response  to  the 
onset  of  square,  hyperpolarizing  current 
pulses,  the  voltage  transient  exhibited  an 
early  maximum  with  a  subsequent  de- 
crease or  sag,  and  on  turning  off  a  current 
step,    an    overshoot    occurred    past    the 


resting  membrane  potential.  Thus  one- 
point  recording  analysis,  based  entirely 
on  measurement  of  the  off  transient,  was 
limited  to  those  records  in  which  the  lat- 
ter anomaly  was  absent. 

No  differences  in  membrane  properties 
of  normal  and  dysgenic  muscle  fibers 
were  found  (Table  14).  The  passive 
membrane  constants  for  the  cultured 
cells,  based  on  the  cable  theory  analysis, 
fall  for  the  most  part  within  the  range  of 
those  found  for  adult  vertebrate  muscle, 
resembling  denervated  rather  than  inner- 
vated muscle.  There  was,  however,  a 
generally  lower  membrane  potential  and 
higher  input  resistance  in  the  cultured 
cells,  presumably  reflecting  their  earlier 
developmental  state  and  smaller  size,  re- 
spectively. 

Occasionally  in  normal  cultures  dis- 
crete myotubes  which  were  visually  non- 
contiguous appeared  to  contract  in  syn- 
chrony. Fibroblasts  in  the  area  were 
found  to  be  electrically  coupled  with  the 
myotubes.  Although  there  were  no  spon- 
taneous contractions  in  the  dysgenic  cul- 
tures, fibroblasts  were  also  found  to  be 
coupled  with  the  myotubes.  In  both  cases 
the  coupling  ratio  was  low,  about  0.1  to 
0.2. 

The  dysgenic  cells  generated  both 
elicited  and  spontaneous  action  poten- 
tials with  clear  overshoots.  In  fact,  most 
fibers,  both  normal  and  dysgenic,  when 
hyperpolarized  to  70-95  mV  membrane 


TABLE  13.   Membrane  Constants  of  Normal  Developing  Myotubes,  Calculated  from  the 
One-Point  (1)  and  Three-Point  (3)  Recording  Analysis 


Cell 

No. 

vm 

(mV) 

1 

(microns) 

Rm 

(Qcm2) 

Ri 

(Qcm) 

Tm 

(msec) 

cm 

(MF/cm2) 

(microns) 

10 

(3) 
(1) 

30 

1,560 

2,201 
2,302 

90 
153 

7.0 
4.7 

3.2 
2.0 

859 
1,196 

11 

(3) 
(1) 

30 

1,980 

2,245 
2,564 

181 
40 

8.2 
5.5 

3.7 

2.2 

681 
1,357 

14 

(3) 
(1) 

35 

1,800 

1,525 
1,039 

129 

85 

18.4 
15.4 

12.1 
14.7 

642 
191 

15 

(3) 
(1) 

40 

1,140 

1,374 
1,145 

316 
53 

9.8 
6.6 

7.1 
5.7 

513 
861 
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TABLE  15.  Maximum  Rate  of  Rise,  Overshoot,  and  Half-Fall  Time  of  Muscle  Fiber  Action 
Potentials  in  Normal  and  Dysgenic  Mouse  Muscle  Cultures 


Maximum  Rate  of  Rise 
Muscle  Fiber  of  Action  Potential 

mean  ±  S.E.  (V/sec) 


Overshoot 

Amplitude 

mean  ±  S.E.  (mV) 


Half-Fall  Time 
of  Action  Potential 
mean  ±  S.E.  (msec) 


Normal 
mdg 


235  ±  16  (7)* 
253  ±  25  (10) 


12.0  ±  1.1  (7) 
10.5  ±  1.9  (8) 


1.8  ±  0.2  (7) 
2.1  ±  0.2  (8) 


*  Figures  in  parentheses  represent  number  of  fibers  examined. 


potential  exhibited  spontaneous  action 
potentials.  The  maximum  rate  of  rise 
and  overshoot  amplitude  of  the  action 
potentials  of  muscle  fibers  hyperpolarized 
to  a  local  potential  of  85-95  mV  were 
somewhat  less  than  those  recorded  for 
adult  denervated  mouse  muscle  and  much 
smaller  than  those  of  innervated  muscle 
(Table  15).  There  was  very  little  dif- 
ference in  maximum  rate  of  rise,  over- 
shoot, or  half-fall  time  of  the  action 
potential  of  normal  and  dysgenic  cells. 
Despite  the  similarity  between  normal 
and  mdg  myotubes  with  respect  to  all  of 
these  parameters,  the  dysgenic  myotubes 
exhibited  no  spontaneous  twitches  and 
failed  to  twitch  in  response  to  cathodal 
stimulation  even  when  normal  action  po- 
tentials were  generated.  Since  the  con- 
tractile apparatus  appears  to  be  normal 
in  the  mutant  cell  (Boden-Essien,  De- 
velop. Biol,  27,  351,  1972)  and  since 
the  present  studies  have  demonstrated 
that  the  passive  membrane  constants  and 
the  action  potentials  are  similarly  nor- 
mal, we  suggest  that  there  may  be  some 
abnormality  in  the  excitation  coupling 
mechanism  of  the  dysgenic  fibers  grown 
in  vitro. 

Fluidity  of  the  Surface  of  Cultured 

Muscle  Fibers:  Rapid  Lateral 

Diffusion  of  Marked 

Surface  Antigens 

Michael  Edidin  (Department  of  Biology, 

The  Johns  Hopkins  University) 

and  Douglas  Fambrough 

Recently,  several  lines  of  evidence  have 
suggested  that  the  proteins  and  lipids  of 


a  plasma  membrane  are  free  to  move  in 
the  plane  of  the  membrane.  This  evi- 
dence, obtained  from  both  animal  and 
bacterial  cells,  is  corroborated  by  experi- 
ments on  rotational  motions  of  the  princi- 
pal rod  outer  segment  protein,  rhodopsin, 
and  by  measurements  of  the  mobility  of 
spin-labeled  lipid  molecules  in  artificial 
lipid  bilayer  systems.  In  sum,  we  have 
before  us  the  picture  of  the  plasma  mem- 
brane as  a  fluid.  This  picture  is  primarily 
a  qualitative  picture,  since  only  a  few 
experiments  have  estimated  either  the 
viscosity  of  the  membrane  or  the  lateral 
diffusion  constants  for  some  of  its  com- 
ponents. As  previously  described  {Year 
Book  70,  p.  63) ,  we  have  marked  cultured 
muscle  fibers  with  spots  of  univalent  or 
divalent,  fluorescent-labeled  antimem- 
brane  antibody  and  followed  the  rates  of 
spread  of  these  spots  in  order  to  derive 
an  estimate  of  the  rate  of  diffusion  of 
membrane  constituents.  The  diffusion 
constants  calculated  from  these  experi- 
ments are  within  an  order  of  magnitude 
of  those  derived  by  Devaux  and  McCon- 
nell  for  diffusion  of  spin-labeled  phos- 
pholipids in  artificial  and  natural 
membrane. 

Data  on  20  fibers  in  which  spread  was 
observed  or  which  served  as  controls  are 
listed  in  Table  16.  Values  independently 
measured  by  each  of  us  are  given.  They 
are  in  moderately  good  agreement  for 
many  fibers,  though  one  of  us  has,  on 
average,  estimated  greater  rates  of  spread 
than  has  the  other.  Also  in  Table  16  are 
tabulated  diffusion  constants  for  the  sur- 
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TABLE  16.  Diffusion  Constants  for  the  Spread  of  Antimuscle  Membrane  Patches  with  Time 


Time 

Spread 

Diffusion  Constant 

Fiber 

Observed 
(min.) 

( 

cm  X 

10- 

4) 

cm2/sec 

X 

10~9 

(ME) 

(DF) 

(ME) 

(DF) 

1 

5 

9.1 

0.68 

2 

5 

15.0 

9.4 

1.88 

0.73 

3 

10 

15.0 

13.5 

0.95 

0.76 

4 

5 

9.1 

9.2 

0.69 

0.70 

5 

5 

33 

33 

9.1 

9.1 

6 

6 

7.6 

7.6 

0.4 

0.4 

7 

2 

12.1 

6.3 

3.1 

0.8 

8 

3 

3.3 

0.15 

9 

3 

5.3 

0.39 

10 

6 

12.0 

5.6 

1.0 

0.2 

11 

3 

15.1 

3.2 

12 

3 

9.1 

1.2 

13 

38 

36.0 

25.8 

1.4 

0.7 

14 

90 

36.0 

0.61 

15* 

5 

2.4 

1.5 

0.04 

0.02 

16* 

5 

2.3 

5.5 

0.04 

0.2 

17* 

6 

2.3 

4.9 

0.04 

0.17 

18t 

30 

6.1 

0 

0.05 

19t 

4 

1.2 

0.8 

0.01 

0.001 

20  f 

5 

0 

0 

*  Fibers  were  treated  with  excess  intact,  unlabeled  antimembrane  antibody. 
t  Fibers  were  kept  cold  (<4°C). 


face  antigens  detected  by  our  Fab  anti- 
rat  plasma  membrane.  D  for  two  dimen- 
sional diffusion  is  taken  as  X2/4ct,  where 
X  =  change  in  radius  of  the  patch  (in 
cm)  and  t  is  the  time  over  which  the 
change  occurs,  in  seconds.  The  square 
term  tends  to  exaggerate  differences  in 
measurements,  and  in  some  instances  D 
for  a  given  mark  varies  by  an  order  of 
magnitude.  Again,  however,  for  many 
fibers  agreement  is  good.  A  typical  value 
for  D  is  1  X  10"9  cm2/sec,  though  D's 
tenfold  greater  and  fivefold  less  were  also 
calculated  for  the  cells.  Because  of  the 
errors  in  the  method  of  determining  the 
true  extent  of  the  fluorescent  spot,  we  feel 
that  the  variations  are  due  to  technique 
and  do  not  represent  measurements  on 
cells  with  differing  states  of  the  mem- 
branes. D  for  untreated  fibers  is  about  an 
order  of  magnitude  lower  than  that  found 
for  diffusion  of  labeled  phospholipids  in 
synthetic  lipid  multilayers  and  in  sarco- 
plasmic reticulum.   While  this  difference 


may  reflect  greater  restrictions  on  mo- 
lecular movement  in  natural  membranes 
than  in  artificial  membranes,  it  may  be 
that  most  of  the  difference  is  due  to  the 
size  of  the  molecules  followed.  The  area 
of  a  phospholipid  molecule  is  given  as 
70  A2;  the  area  of  a  protein  molecule  of 
100,000-200,000  molecular  weight  may  be 
estimated  as  1500-3000  A2.  The  differ- 
ence in  radii  is  five-  to  tenfold,  account- 
ing for  much  of  the  discrepancy. 

Calculation  of  membrane  viscosities  -q 
from  one  set  of  data  (ME)  yields  values 
ranging  from  0.13  to  3.0  poise,  with  7  of 
16  values  for  fibers  observed  at  25 °C 
falling  from  0.13  to  0.6  and  14  of  16 
values  less  than  2.0  poise.  Values  calcu- 
lated from  our  other  set  of  measurements 
(DF)  range  up  to  15  poise;  since  values 
in  the  second  set  are,  when  divergent, 
generally  twofold  less  than  those  in  the 
first  set,  we  see  an  expected  approxi- 
mately fourfold  difference  in  estimates  of 
n.    D  calculated  from  measurements  on 
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the  fibers  examined  in  the  warm  without 
further  treatment  is  2.67  X  10~9  cm2 
sec-1  (s.e.  =  0.68)  for  (ME)  data  and 
1.1  X  10'9  cm2  sec-1  (s.e.  =  0.58)  for 
(DF)  data.  D  for  fibers  treated  with 
unlabeled  antibody  after  spotting  with 
Fab  is  about  0.15  X  10~9  cm2  sec"1,  while 
D  for  iced  fibers  (18-20)  is  .01  X  10~9 
cm2  sec"1. 

Several  observations  serve  as  controls 
for  the  system.  First,  the  fluorescent  Fab 
preparations  did  not  stain  cultured  chick 
myotubes.  This  indicates  that  binding  to 
the  rat  myotubes  was  indeed  specific. 
Second,  addition  of  labeled  anti-light 
chain  antibody  to  previously  marked 
fibers  intensified  the  stain  observed.  The 
intact  antibody  does  not  penetrate  cells, 
and  this  indicates  that  the  Fab  was  bound 
to  the  cell  surface  and  not  lodged  in  the 
cytoplasm.  Third,  patch  spread  was  due 
to  migration  of  membrane  antigens,  not 
to  dissociation  and  reassociation  of  Fab; 
when  fibers  were  marked  and  placed  in 
excess  intact  anti-surface  antibody,  patch 
intensity  did  not  diminish.  If  labeled  Fab 
were  exchanging  with  unlabeled  divalent 
antibody  the  patch  intensities  should 
have  faded  rapidly.  Fibers  treated  with 
excess  unlabeled  antibodies  showed  a  rate 
of  patch  spread  less  than  that  observed 
for  fibers  treated  only  with  Fab;  a  low 
rate  was  also  observed  for  some  cells  kept 
cold  throughout  the  period  of  observa- 
tions and  for  cells  marked  with  intact 
antibody  and  antiglobulin. 

Electrical  Coupling  and  Cytoplasmic 
Fusion  during  Myogenesis 

John  E.  Rash  and  Douglas  Fambrough 

assisted  by  Nancy  Joseph,  William  Duncan, 

and  John  Wiser 

Last  year  {Year  Book  70,  p.  64)  we 
described  an  electrophysiological  moni- 
toring strategy  which  we  thought  would 
allow  us  to   determine   the   moment   of 


fusion  of  pairs  of  myogenic  cells  in  tissue 
culture.  Briefly,  this  strategy  involves 
recording  the  transmembrane  potential 
of  a  myotube  while  periodically  de- 
polarizing an  adjacent  myotube  with 
pulses  of  acetylcholine.  If  and  when  the 
cells  fused,  the  depolarizations  would 
begin  to  be  registered  by  the  recording 
system. 

Using  this  strategy  we  have  determined 
the  time  of  fusion  for  two  pairs  of  myo- 
tubes. Each  of  these  pairs  was  fixed  for 
electron  microscopy  about  2-3  minutes 
after  the  initial  establishment  of  cyto- 
plasmic continuity.  The  ultrastructure  of 
the  area  of  fusion  was  analyzed  by  study- 
ing the  serial  section  records,  using 
goniometric  (tilting)  analysis  to  identify 
membranes  even  in  oblique  sections.  In 
each  of  these  two  cases  the  area  of 
cytoplasmic  continuity  exceeded  100  /mi2 
and  thus  the  average  rate  of  disappear- 
ance of  the  formerly  apposed  surface 
membrane  was  more  than  1  /xm2/second. 

During  the  course  of  this  investigation 
ten  pairs  of  myogenic  cells  were  observed 
to  become  electrotonically  coupled  with- 
out cytoplasmic  fusion.  In  these  cases  the 
coupling  was  weaker  than  would  be  ex- 
pected if  cytoplasmic  continuity  had  been 
achieved.  In  all  the  cases  examined  by 
electron  microscopy,  specialized  mem- 
brane appositions  resembling  gap  junc- 
tions were  found  in  the  contact  region. 
Such  structures  seem  likely  candidates 
for  the  low-resistance  pathway  between 
the  electrotonically  coupled  cells.  Mem- 
brane remnants  resembling  gap  junctions 
were  found  in  the  area  of  cytoplasmic 
mixing  after  the  fusion  of  one  pair  of 
myotubes,  and  possibly  similar  struc- 
tures were  seen  in  the  fusion  area  of  the 
other  fused  pair.  Thus  these  junctions 
are  apparently  present  at  the  moment 
when  cytoplasmic  continuity  is  first  es- 
tablished, and  they  may  play  some  role 
in  the  fusion  process  or  in  preparation  of 
the  myotubes  for  fusion. 
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MUSCLE-LIKE    ARRAYS     IN    A    FIBROBLAST    LINE 

J.  E.  Rash,  T.  F.  McDonald,  H.  G.  Sachs,  and  J.  D.  Ebert 


To  complement  our  biochemical  and 
electrobiological  studies  of  the  effects  of 
altered  potassium  concentrations  on  cul- 
tured BHK-21  cells,  we  have  begun  an 
electron  microscopic  examination  of  nor- 
mal and  treated  cells.  Although  prelimi- 
nary, the  data  suggest  that  exposure  to 
media  containing  high  potassium  results 
in  the  rapid  appearance  of  numerous 
myelin  figures  which  are  often  observed 
to  be  continuous  with  the  outer  mem- 
branes of  the  uniformly  altered,  very 
elongate  mitochondria.  The  mitochon- 
drial inner  matrices  are  consistently  more 
condensed,  with  the  inner  membranes  re- 
tracted from  the  outer  membranes.  Addi- 
tional alterations  include  an  unusual 
accumulation  of  cytoplasmic  ribosomes, 
with   a   concomitant   reduction   in   ribo- 


somes attached  to  the  endoplasmic  reticu- 
lum, and  pronounced  nuclear  swelling 
and  flattening. 

In  the  course  of  these  ultrastructural 
studies,  muscle-like  arrays  of  thick  (180 
A)  and  thin  (60-80  A)  filaments  and 
closely  associated  Z  band-like  material 
were  observed  in  a  small  fraction  (<5%) 
of  both  normal  and  treated  cells  (Rash 
et  at.,  1972).  These  data  were  contrasted 
with  two  recent  reports  suggesting  that 
cytochalasin  B  treatment  occasionally 
resulted  in  the  new  formation  of  similar 
filaments  not  normally  found  in  BHK 
cells.  We  believe  this  to  be  the  first 
demonstration  of  ordered  arrays  of 
muscle-like  filaments  and  Z-like  material 
in  a  cultured  cell  line  of  nonmuscle 
origin. 


ELECTROPHYSIOLOGICAL  DEVELOPMENT 
OF  CARDIAC  TISSUE 

R.  L.  DeHaan,  T.  E.  Durr,  P.  H.  Chew,  T.  F.  McDonald,  H.  G.  Sachs,  M.  Springer,  and  E.  Asch 


During  the  past  year  major  progress 
has  been  made  by  DeHaan  and  his  col- 
leagues in  analyzing  differentiative 
changes  in  the  electrical  properties  of  the 
embryonic  heart  and  in  developing  fur- 
ther cardiac  cell  cultures  and  cell  aggre- 
gates as  experimental  model  systems. 

Changes  in  Cell  Ion  Content  and 

Membrane  Potential  during 

Cardiac  Development 

The  ionic  basis  of  the  resting  potential 
and  action  potential  in  embryonic  chick 
heart  muscle  of  5  days  and  older  appears 
to  be  qualitatively  like  that  described  for 
nerve  and  adult  cardiac  tissue.  The  rest- 
ing potential  of  embryonic  chick  heart 
tissue  is  thought  to  depend  primarily 
on  the  potassium  distribution  across  the 
cell  membrane ;  the  upstroke  of  the  action 
potential  has  been  attributed  to  the  in- 


ward movement  of  sodium  ions.  DeHaan 
earlier  suggested  that  similar  mecha- 
nisms operate  in  cultured  heart  cells ;  yet 
despite  intensive  research  by  DeHaan 
and  others  there  are  but  few  data  on  the 
sodium  and  potassium  levels  in  embry- 
onic heart.  In  fact,  there  are  conflicting 
reports.  One  indicates  that  the  intra- 
cellular sodium  concentration  declines 
from  650  mM  in  2-day  hearts  to  about  50 
mM  in  19-day  hearts,  while  the  intra- 
cellular potassium  concentration  in- 
creases from  65  mM"  to  85  mM".  Other  in- 
vestigators, however,  have  reported  that 
the  intracellular  sodium  concentration 
increases  from  about  20  mM  to  40  mM 
during  days  6  to  18,  while  the  intracel- 
lular potassium  concentration  declines 
from  160  mM  to  90  mM  during  the  same 
period.  There  has  been  difficulty  in  rec- 
onciling these  data  with  electrophysio- 
logical measurements.    A  study  recently 
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completed  by  McDonald  and  DeHaan 
has  clarified  and  extended  the  relation- 
ship between  ion  levels  and  membrane 
potential  of  embryonic  chick  heart  tissue 
during  development.  In  addition,  they 
have  compared  ionic  levels  and  electrical 
activity  in  cardiac  tissue,  tissue-cultured 
cells  and  cellular  aggregates  from  7- 
to  8-day  chick  embryos. 

Methods  of  harvesting  hearts  and  the 
preparation  of  cultures  for  measurement 
of  ion  content  have  been  detailed  previ- 
ously (DeHaan,  1970) .  Hearts  were  dis- 
sociated into  their  component  cells  by  the 
multiple-cycle  trypsinization  method 
(DeHaan,  1967).  To  obtain  samples 
large  enough  for  ion  determinations, 
cells  were  plated  in  plastic  culture  dishes 
(Falcon,  150  mm  diameter)  at  a  density 
of  1  or  2  X  107  cells/plate.  The  cultures 
were  incubated  at  37  °C  under  a  water- 
saturated  atmosphere  of  95%  air  and 
5%  C02. 

Cellular  aggregates  were  prepared  as 
described  in  last  year's  Report,  but 
scaled  up  for  large  samples.  Erlenmeyer 
flasks  (300  ml)  containing  approximately 
107  cells  in  30  ml  of  medium  were  gassed 
with  5%  C02,  10%  02,  and  85%  N2. 
They  were  sealed  with  silicone  stoppers 
and  placed  in  a  gyratory  shaker  bath 
(37 °C)  at  70  rpm.  Samples  of  cardiac 
tissue  weighing  between  2  and  10  mg 
were  used  for  ion  content  analysis.  At 
later  stages,  the  sample  consisted  of  a 
strip  of  ventricle;  with  smaller  hearts, 
either  several  whole  ventricles  or  hearts 
were  taken. 

Tissue-cultured  cells  which  had  been 
incubated  for  18  to  24  hours  in  818B45 
medium  were  removed  from  the  plastic 
dish  by  a  10-minute  exposure  to  serum- 
free  and  calcium-magnesium-free  me- 
dium containing  0.15%  trypsin.  Heart 
tissue  or  centrifuged  pellets  of  cells  or 
aggregates  were  digested  with  hot  con- 
centrated HN03  in  a  low-alkali  test  tube. 
After  the  acid  had  evaporated,  the  resi- 
due was  dissolved  in  a  suitable  volume  of 
lithium  chloride  diluent   (15  mM) ,  and 


sodium  and  potassium  were  determined 
simultaneously  on  a  digital  read-out 
flame  photometer  (Instrumentation  Lab. 
Model  143). 

Blotted  tissues  or  cell  and  aggregate 
pellets  prepared  as  above  were  weighed 
on  tared  cover  slips  and  dried  for  12 
hours  in  an  oven  at  110°C.  After  cooling 
in  a  desiccator,  the  dry  weight  of  the 
residue  was  determined  and  the  water 
content  expressed  as  the  difference  be- 
tween wet  weight  and  dry  weight.  The 
extracellular  space  was  then  determined 
with  14C-inulin  (New  England  Nuclear). 

Preliminary  experiments  were  carried 
out  to  determine  an  optimal  incubation 
time  in  inulin,  and  to  ensure  that  meas- 
ured extracellular  space  was  not  a  func- 
tion of  sample  size  or  number  of  pieces  of 
tissue. 

The  "extracellular  space  of  ventricular 
tissue  from  5-  to  18-day  chick  embryos 
is  shown  in  Table  17.  Tissue  from  5-day 
embryos  had  an  extracellular  space  of 
34.9  ml/100  g  wet  weight.  This  may  be 
compared  to  the  value  of  35.0  ml/100  g 
in  5-day  chick  hearts  reported  by 
Guidotti  et  al.  Values  from  7-day  tissue 
were  not  significantly  different,  but  by  11 
days  the  extracellular  space  had  de- 
clined to  30.1  ml/100  g  and  by  14  days 
to  27.5  ml/100  g.  No  difference  was  noted 
between  14  days  and  18  days.  A  decline 
in  extracellular  space  with  development 
has  been  noted  by  other  workers  in  chick 
embryonic  heart  and  skeletal  muscle. 

The  hearts  of  chick  embryos  younger 
than  5  days  are  too  small  and  delicate 


TABLE  17.  The  Extracellular  Space  (14C-inulin) 
of  Chick  Embryo  Ventricular  Tissue 


Embryo  Age 

(days) 

Number 

Extracellular  Space 
(ml/100  g  wet  weight) 

5 

7 

11 

14 

18 

7 

15 

8 

8 

26 

34.9  ±  2.0* 
33.5  ±  1.0 
30.1  ±  0.8 
27.5  ±  1.3 
27.4  ±  0.8 

*  Mean  ±  S.E. 
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to  be  handled  by  the  methods  used  for 
older  hearts.  At  3  days  the  heart  is  of  a 
tubular  form  approximately  three  cells 
deep.  Groups  of  hearts  could  therefore 
be  spun  down  into  a  semisolid  pellet  and 
analyzed.  Extracellular  space  in  this 
pellet  was  determined  after  previous  in- 
cubation of  the  hearts  for  30  minutes  in 
14C-inulin  medium.  Some  samples  incu- 
bated for  75  minutes  did  not  differ  sub- 
stantially from  the  30-minute  samples. 
Since  the  pellet  formed  after  centrifuga- 
tion  of  these  samples  was  not  solid  and 
included  both  the  intercellular  tissue 
space  and  presumably  a  substantial  in- 
terheart  space,  the  measured  values  are 
not  directly  comparable  to  those  listed 
in  Table  16. 

The     intracellular     concentration     of 
sodium    and    potassium    was    calculated 
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using  the  mean  values  of  extracellular 
space,  water  content,  and  sodium  and  po- 
tassium content  after  suitable  correction 
for  ions  trapped  in  the  extracellular 
space.  In  addition,  cell  water  content 
was  calculated  as  a  percentage  of  cell 
wet  weight.  The  results  are  presented  in 
Figure  23.  Cell  water  and  intracellular 
sodium  concentration  did  not  change  to 
any  great  degree  from  day  2  through  day 
18.  However,  the  intracellular  potassium 
concentration  declined  from  167  mM/kg 
cell  water  in  2-  to  2V2-day  hearts  to  117 
mM  in  14-day  hearts. 

A  further  aim  of  this  study  was  to 
compare  the  intracellular  concentrations 
of  sodium  and  potassium  in  chick  embryo 
heart  tissue  with  those  of  heart  cells 
cultured  in  monolayer  or  associated  into 
aggregates  by  rotation.  Since  most  of  the 
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Fig.  23.  The  intracellular  concentrations  of  sodium  and  potassium,  and  the  cell  water  content 
of  embryonic  chick  heart  muscle.  Intracellular  ion  concentrations  were  calculated,  using  the  mean 
ion  and  water  content  and  the  mean  extracellular  space.  Cell  water  was  calculated  as  a  percentage 
of  cell  wet  weight,  using  the  mean  tissue  water  content  and  extracellular  space. 
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TABLE  18.  The  Extracellular  Space  (14C-inulin),  Total  Sodium,  Potassium,  and  Water,  and  the 

Intracellular  Concentrations  of  Sodium  and  Potassium  in  Pellets  of  Tissue-Cultured  Heart  Cells 

and  Aggregates  from  Seven-  to  Eight-Day  Chick  Embryos 


Cells 

Aggregates 

After  Tryp 

sin 

1-hour  Suspension 

ECS  (ml/lOOg) 

23.2 

1.0 

23.4 

1.1 

20.4                1.0 

H20  (ml/lOOg) 

84.7 

0.4 

84.0 

0.4 

84.3               0.4 

NaT  (mM/kg  w.w.) 

69.6 

1.7 

57.5 

1.5 

50.1                3.0 

Kt  (mM/kg  w.w.) 

73.3 

1.1 

84.6 

1.5 

94.5                1.2 

Na;  (mM/kg  cell  H20) 

60.3 

40.2 

33.5 

Ki  (mM/kg  cell  H20) 

118.4 

139.2 

146.1 

No.  of  determinations 

13 

10 

7 

After  Trypsin  refers  to  determinations  performed  immediately  upon  removal  of  cells  from  the 
plate.  One-hour  Suspension  refers  to  determinations  performed  1  hour  following  trypsinization, 
during  which  time  cells  were  suspended  in  8I8B4.5  medium.  Aggregates  were  also  maintained  in 
818Bj.5.  NaT  and  KT  refer  to  total  pellet  ion  content  and  are  expressed  as  mM/kg  pellet  wet 
weight.  Nai  and  Ki  are  the  calculated  intracellular  concentrations  (mM/kg  cell  water)  based  on 
mean  ion  contents.  Values  are  mean  ±  S.E. 


work  on  tissue-cultured  heart  cells  has 
been  done  on  cells  from  7-  to  8-day 
embryos,  this  age  was  chosen  for  the 
comparison.  Table  18  presents  the  extra- 
cellular space  (fluid  trapped  in  the  cell 
pellet),  water  content,  total  ion  content, 
and  mean  intracellular  sodium  and  po- 
tassium concentration  of  cells  immedi- 
ately after  trypsinizing  from  the  plate 
and  following  a  1-hour  recovery  in  sus- 
pension. The  extracellular  space  and 
water  content  of  these  heart  cell  pellets 
did  not  change  significantly  during  the 
1-hour  recovery  period.  Ion  content  did 
change  significantly  during  this  period; 
there  was  a  loss  of  sodium  and  a  gain  of 
potassium.  Intracellular  sodium  concen- 
tration declined  from  60.3  to  41.2  ml, 
while  intracellular  potassium  increased 
from  118.4  to  139.2  ml.  The  net  move- 
ment of  ions  was  therefore  quite  com- 
parable, suggesting  a  1:1  coupling  of 
sodium  and  potassium  transport  during 
this  recovery  period.  Three  samples 
were  allowed  to  recover  in  suspension  for 
a  2-hour  period  but  there  was  no  further 
change  in  ion  content. 

Single  cells  dissociated  from  the  hearts 
of  7-  to  8-day  chick  embryos  were  ag- 
gregated during  16  to  24  hours  of  gyra- 
tion. These  aggregates  are  spheroidal  and 


usually  range  in  volume  from  about  5  X 
104  fi3  to  106  /a3;  an  aggregate  of  105  /a3 
contains  approximately  200  cells.  Table 
18  also  presents  the  values  for  extra- 
cellular space  and  water  and  ion  con- 
tent of  the  aggregate  pellets.  The  intra- 
cellular sodium  concentration  of  33.1 
mM  and  potassium  concentration  of  146.1 
ml  are  in  good  agreement  with  the  ion 
levels  measured  in  7-day  intact  tissue 
(Fig.  23)  and  in  7-  to  8-day  monolayer- 
cultured  cells  following  the  1-hour  re- 
covery period. 

The  response  of  8-day  cultured  cells 
to  low-potassium  medium  and  to  ouabain 
was  compared  to  the  response  of  8-day 
heart  tissue  subjected  to  the  same  treat- 
ment. Cells  and  hearts  were  incubated  for 
1  hour  in  medium  containing  1  ml  po- 
tassium, 4.5  ml  potassium  with  10"5  M 
ouabain,  or  4.5  mAf  potassium  with  10~4 
M  ouabain.  The  results  are  summarized 
in  Table  19.  Control  values  were  deter- 
mined immediately  after  tissue  dissection 
or  cell  trypsinization.  At  this  time,  hearts 
had  lower  sodium  and  higher  potassium 
concentrations  than  cells.  However,  fol- 
lowing incubation  for  1  hour  in  4.5  raM 
potassium  medium  the  ion  levels  in  hearts 
and  cultured  cells  were  not  significantly 
different.  When  hearts  were  incubated  in 
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TABLE  19.   The  Effect  of  Low-Potassium  Medium  and  Ouabain  on  the  Intracellular 
Concentrations  of  Sodium  and  Potassium  in  Eight-Day  Chick  Embryo  Heart  and 

Tissue-Cultured  Cells 


Experimental 

Heart 

Tissue  Culture 

Conditions 

Na; 

Ki 

Nai 

K; 

Control 

33.7±3.0 

138.5±3.0 

62.0±2.1 

118.5±2.8 

1  hr  4.5  mM  K 

28.7±5.0 

142.9±3.1 

34.3±1.9 

141.5±3.0 

1  hr  1  ml  K 

42.8±3.1 

131.3±4.1 

58.6±2.5 

122.6±2.8 

1  hr  Ouab  lO"6  M 

38.9±2.1 

138.0±1.5 

52.7±2.4 

125.3±2.6 

1  hr  Ouab  10~4  M 

70.8±2.1 

98.6±2.3 

98.0±2.9 

79.6±2.7 

Intracellular  sodium  (Nai)  and  potassium  (Ki)  concentrations  are  mAf/kg  cell  water.  Control 
refers  to  determinations  immediately  following  dissection  (hearts)  or  trypsinization  (cells).  Treat- 
ment of  tissue-cultured  cells  was  carried  out  during  the  suspension  period  following  trypsinization. 
Values  are  mean  ±  S.E.  (n  =  4). 


1  ml  potassium  medium,  they  gained  9 
mM  sodium  and  lost  7.5  ml  potassium. 
Cultured  cells  recovering  in  1  mikf  potas- 
sium medium  did  not  lose  sodium  and 
gain  potassium  to  the  same  degree  as 
cells  recovering  in  4.5  mil/  potassium; 
the  net  increase  in  intracellular  potas- 
sium was  4.1  mJlf  versus  23  mikf  during 
recovery  in  4.5  mikf  potassium.  These 
movements  of  sodium  and  potassium  in 
response  to  incubation  in  low-potassium 
medium  are  similar  to  those  reported  for 
frog  heart. 

As  expected,  ouabain  caused  a  net  loss 
of  potassium  and  a  gain  of  sodium  in  both 
hearts  and  cultured  cells.  The  dose  nec- 
essary to  produce  these  downhill  move- 


ments in  the  intact  heart  was  in  excess 
of  10"5  ikf,  whereas  the  same  dose  largely 
prevented  the  ion  changes  in  culture  cells 
during  the  recovery  period.  Hearts 
treated  for  1  hour  with  10~4  ikf  ouabain 
gained  37.1  ml  sodium  and  lost  30.0  mikf 
potassium;  cultured  cells  gained  36  ml 
sodium  and  lost  38.9  mikf  potassium.  It 
can  be  concluded  that  whole  tissue  and 
cultured  cells  responded  nearly  identi- 
cally to  treatment  with  10~4  ikf  ouabain, 
and  in  both  cases  the  quantity  of  sodium 
gained  was  closely  paralleled  by  the  loss 
of  potassium. 

Membrane  potentials  were  measured  in 
ventricular  tissue  from  chick  embryos 
aged  3  to  18  days.    Typical  recordings 


3da 


7day 


18day 

Fig.  24.   Typical  ventricular  action  potentials  from  chick  embryos  aged  3,  7,  and  18  days.  Ver- 
tical calibration  represents  100  mV;  horizontal  calibration  represents  400  msec. 
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Fig.  25.  Histogram  of  resting  potential  and  overshoot  distribution  at  different  embryo  ages. 
Resting  potential  and  overshoot  on  abscissae,  and  frequency  of  observations  as  a  percentage  of 
the  total  (f%)  on  the  ordinates.  The  data  are  based  on  45-65  penetrations  in  407  hearts  at  each 
embryo  age. 


obtained  at  3,  7,  and  18  days  are  shown 
in  Fig.  24.  It  is  apparent  that  the  resting 
potential  and  overshoot  increased  with 
embryo  age,  as  did  the  action  potential 
duration. 

The  resting  potentials  and  overshoots 
are  plotted  in  Figure  25.  The  histogram 
is  based  on  45  to  65  penetrations  in  four 
to  seven  hearts  at  each  embryo  age.  Both 
the  resting  potential  and  the  overshoot 
increased  with  development  up  to  14 
days,  after  which  time  there  was  no  fur- 
ther change.  Although  the  scatter  was 
slightly  greater  in  muscle  from  3-  to  5- 
day  embryos  than  at  14  and  18  days, 
there  can  be  no  doubt  about  the  trend. 
At  days  3  and  5  there  were  no  resting 


potentials  more  negative  than  — 80  mV 
and  no  overshoots  above  34  mV.  By  day 
14,  more  than  50%  of  the  resting  poten- 
tials were  between  —80  mV  and  — 90 
mV,  and  50%  of  the  overshoots  were  be- 
tween 30  mV  and  45  mV. 

The  threshold  concentration  of  ex- 
ternal potassium  required  to  block  pulsa- 
tile activity  in  chick  embryonic  heart 
cells  declines  with  increasing  embryo  age 
(DeHaan,  1967).  This  has  led  to  specu- 
lation that  the  permselectivity  of  the 
membrane  changes  with  development 
(DeHaan,  1970).  Brian  Hoffman  and 
his  colleagues  have  suggested  that  the 
resting  potential  was  closer  to  the  potas- 
sium  equilibrium   potential,   EK,    at    19 
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TABLE  20.   The  Measured  Resting  Potential  and  the  Calculated  Potassium  Equilibrium 
Potential  and  Sodium /Potassium  Permeability  Ratio  of  Embryonic  Chick  Heart  Muscle 


Embryo 

Age  (days) 

3 

5 

7 

11 

14 

18 

Em 
Ek 
PNa/Pk 

-61.8 
-94.2 
0.078 

-64.7 
-92.7 
0.062 

-70.6 
-92.2 
0.041 

-75.5 
-89.2 
0.022 

-79.5 
-86.3 
0.010 

-80.3 
-86.0 
0.009 

days  than  at  6  days.  Both  of  these  pre- 
dictions appear  to  have  been  correct. 
Table  20  shows  the  mean  resting  poten- 
tial (EM)  and  the  calculated  EK  and 
Pne/Pk  (utilizing  the  ion  data  and  the 
Goldman  equation  at  each  embryo  age). 
The  difference  between  EM  and  EK  de- 
creased from  32.4  mV  at  3  days  to  5.7 
mV  at  18  days.  The  convergence  of  EM 
and  EK  was  reflected  in  the  decline  of 
PNa/PK  from  0.078  at  3  days  to  0.009  at 
18  days. 

A  comparison  of  the  resting  potentials 
and  overshoots  measured  in  7-  to  8-day 
chick  embryo  heart  tissue,  monolayer 
tissue-cultured  cells,  and  heart  cell  ag- 
gregates is  shown  in  Table  21.  Utilizing 
the  ion  data,  EK,  ENa,  and  P^/Pr  have 
been  calculated  for  the  three  prepara- 
tions.  The  overshoots  were  also  in  good 


agreement,  ranging  from  22.0  mV  in  tis- 
sue-cultured cells  to  25.9  mV  in  the  aggre- 
gates. As  a  result  of  the  agreement 
between  membrane  potentials  and  ion 
levels  in  the  three  preparations,  the  cal- 
culated values  of  EK,  ENa,  and  P^/Pr 
were  also  quite  comparable.  The  present 
study  indicates  that  intracellular  potas- 
sium declines  during  the  period  of  in- 
creasing resting  potential.  A  plausible 
explanation  for  these  changes  is  that  the 
Pnr/Pk  of  the  membrane  undergoes  a 
gradual  reduction  during  development. 
The  Pxa/PK  declined  from  0.078  at  3 
days  to  0.01  at  14  days.  These  values 
may  be  compared  with  the  recent  results 
of  Sperelakis  and  Shigenobu.  Using  a  dif- 
ferent technique  (EM  versus  K0)  they 
concluded  that  Pn&/Pk  declined  from 
0.2  at  3  days  to  0.01-0.05  at  15  days. 


TABLE  21.   Membrane  Potentials  and  Ionic  Correlates  of  Seven-  to  Eight-Day  Chick  Embryo 

Heart  Preparations 


Intact  Tissue 

Monolayer 
Tissue  Culture 

Aggregates 

RP  or  MDP  (mV) 

-70.7  ±  0.7 

(70) 

-68.4  ±  1.2 
(30) 

-69.9  ±  1.2 

(24) 

Overshoot 

24.4  ±  0.6 

(70) 

22.0  ±  0.8 

(30) 

25.9  ±  0.8 

(24) 

Ek  (mV) 

-91.5 

-90.9 

-92.2 

ENa  (mV) 

40.3 

33.7 

37.0 

PNa/Pk 

0.039 

0.044 

0.043 

Ek,  ENa,  and  Pnb/Pk  were  calculated  from  intracellular  ion  concentrations  and  mean  values  of  the 
overshoot  and  the  resting  potential  (RP)  or  maximum  diastolic  potential  (MDP)  in  the  case  of 
pacemaker-type  cells.   Values  are  mean  ±  S.E.,  number  of  determinations  in  parentheses. 
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Possible  Relationship  of  Ionic  Changes 
to  Development 

The  major  alteration  in  heart  electro- 
lyte content  associated  with  increasing 
embryo  age  was  a  change  in  the  intra- 
cellular potassium  concentration.  From 
day  2  to  day  14,  intracellular  potassium 
declined  by  50  mM.  The  question  arises 
as  to  whether  this  change  in  intracellular 
potassium  reflects,  for  example,  greater 
binding  of  cellular  potassium  in 
younger  embryos,  or  whether  this 
higher  level  of  potassium  serves  a  func- 
tional role  in  cardiac  development.  A 
large  number  of  enzymes  appear  to  be 
activated  in  the  presence  of  high  con- 
centrations of  potassium  ions.  Lubin  has 
speculated  that  intracellular  potassium 
concentration  may  affect  the  synthesis  of 
proteins  and  nucleic  acids.  There  is  evi- 
dence that  an  increase  in  the  intracellular 
potassium  concentration  of  frog  oocytes 
is  associated  with  an  increase  in  protein 
synthesis.  Similarly,  McDonald  et  al. 
have  observed  that  in  cultured  BHK  cells 
there  appears  to  be  a  relationship  be- 
tween intracellular  potassium  concentra- 
tion and  protein  synthesis.  During 
cardiac  development  the  heart  grows 
rapidly  from  day  1  to  day  3,  less  rapidly 
up  to  about  day  8,  and  slowly  from  then 
on  (Year  Book  70,  pp.  72-76).  Amino 
acid  uptake  in  chick  embryo  heart  de- 
creases with  increasing  age.  Using  the 
mean  wet  weight,  water  content,  and  ex- 
tracellular space  of  2-  to  14-day  hearts, 
total  cell  wet  weight  was  calculated,  as 
well  as  the  percent  increase  per  day  in 
total  cell  wet  weight.  Figure  26  shows 
the  relationship  between  this  percentage 
increase  and  the  mean  intracellular  po- 
tassium concentration.  If,  in  fact,  the 
rate  of  increase  in  total  cell  wet  weight 
is  a  reflection  of  the  rate  of  protein  syn- 
thesis during  that  period  of  development, 
there  may  well  be  a  functional  relation- 
ship between  protein  synthesis  and  the 
intracellular  concentration  of  potassium. 

In  conclusion,  the  data  of  McDonald 
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Fig.  26.  The  relationship  between  heart 
growth  and  intracellular  potassium  concentra- 
tion. Growth  is  expressed  as  the  percent  in- 
crease per  day  in  total  wet  cell  mass.  Wet  cell 
mass  was  calculated  by  subtracting  the  weight  of 
the  extracellular  fluid  from  the  mean  wet 
weight  of  four  hearts  of  each  embryo  age. 


and  DeHaan  indicate  that  chick  embry- 
onic heart  tissue  develops  adult-like 
features  by  days  14  to  18  in  respect  to  its 
extracellular  space,  intracellular  ion  con- 
centrations, and  membrane  potentials. 
Development  to  this  stage  is  characterized 
by  declining  extracellular  space  and  intra- 
cellular potassium,  and  an  increasing 
resting  potential  leading  to  an  increasing 
overshoot.  Between  about  2  and  4  days  of 
development,  that  is,  at  the  time  the  heart 
first  starts  beating  and  for  2-3  days  after, 
the  PNa/Pic  ratio  is  high,  suggesting  that 
early  pacemaker  cells  are  very  leaky  to 
Na+  and/or  relatively  impermeable  to  K+. 
DeHaan  postulates  that  the  first  beats  of 
the  newly  formed  heart  may  occur  only 
after  the  P^/Pr  ratio  drops  to  a  level 
low  enough  to  support  action  currents. 
The  membrane  potentials  and  intracel- 
lular ion  concentrations  of  monolayer- 
cultured  heart  cells  and  aggregates  are 
similar  to  those  of  intact  tissue  at  all 
ages  tested. 

The  state  of  the  heart  at  the  time 
spontaneous  contractions  are  initiated  is 
also  being  examined  by  Max  Springer 
from  a  different  point  of  view.   Springer 
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and  DeHaan  are  attempting  to  determine 
the  degree  of  ultrastructural  organization 
of  the  myofibrils  in  the  primitive  tubular 
heart,  to  see  how  early  the  contractile 
apparatus  could  respond  to  a  pacemaker 
stimulus.  This  work  is  still  in  progress. 
A  detailed  description  must  await  a 
future  report. 

Potassium  Sensitivity  of  Heart  Cell 
Aggregates 

Readers  of  these  Reports  will  recall 
that  DeHaan  demonstrated  some  years 
ago  that  the  spontaneous  activity  of 
cardiac  myocytes  isolated  from  embryos 
older  than  about  7  days  was  largely  sup- 
pressed by  increasing  extracellular  potas- 
sium ion  concentration  (K0).  Moreover, 
the  specific  threshold  level  of  K0  at  which 
spontaneous  activity  ceased  differed  for 
each  cell  but  remained  constant  for  at 
least  several  hours  in  culture  (DeHaan 
and  Schaefer,  1970) .  In  contrast,  cells 
taken  from  2-day  hearts — shortly  after 
the  organ  normally  begins  beating — were 
relatively  insensitive  to  potassium  ions. 
An  investigation  completed  in  recent 
months  in  collaboration  with  Paul  H. 
Chew,  a  Johns  Hopkins  undergraduate, 
was  designed  to  test  whether  aggregates 
prepared  from  cells  at  different  develop- 
mental stages  reflected  a  similar  increase 
in  K-sensitivity  with  increasing  age,  and 
whether  each  aggregate  also  exhibited  a 
specific,  reproducible  K-threshold. 

Aggregates  prepared  as  described 
above,  from  heart  cells  of  embryos  of  4, 
5,  6,  and  7  days  of  incubation,  were  al- 
lowed to  settle  and  adhere  to  the  bottom 
of  a  Falcon  plastic  dish  for  three  to  four 
hours  in  a  gassed  incubator  at  37  °C.  Each 
dish  was  subsequently  washed  with  2  ml 
of  818B1  to  remove  weakly  adhering  ag- 
gregates and  floaters.  Preliminary  experi- 
ments were  conducted  to  determine  the 
concentration  range  of  K0  to  be  used  with 
the  aggregates  at  each  age. 

Each  dish  was  subsequently  raised  to  a 
series  of  predetermined  potassium  levels 


in  stepwise  fashion  with  appropriate  ali- 
quots  of  a  balanced  salt  solution  contain- 
ing 200  mM  K+  and  allowed  to  equili- 
brate in  the  incubator.  The  percentage  of 
beating  aggregates  (%BA)  was  counted 
on  an  inverted  microscope,  at  6.3 X 
magnification;  optimal  conditions  were 
maintained  during  the  count  in  a  gassed 
incubator  chamber  on  the  microscope 
stage.  The  number  of  aggregates  ranged 
from  75  to  more  than  200  per  plate. 

The  percentage  of  beating  aggregates 
made  from  4-  and  7-day  heart  cells  can  be 
compared  at  different  levels  of  K0  with 
the  percentage  of  isolated  cells  that  re- 
main spontaneously  active  at  the  same 
concentrations  of  potassium  (Table  22). 
As  with  isolated  cells,  the  7-day  aggre- 
gates are  much  more  sensitive  to  K0  than 
are  4-day  aggregates.  At  8  mM  K+,  all 
7-day  aggregates  are  suppressed,  while 
74%  of  the  4-day  aggregates  continue 
to  beat  at  that  concentration.  Aggregates, 
however,  are  affected  more  abruptly  by 
smaller  increments  of  K0  than  are  single 
cells.  Note  that  the  number  of  active 
7-day  cells,  for  example,  gradually  de- 
clines from  100%  to  0%  over  the  entire 
concentration  range  of  1.3-20  mM.  Ag- 
gregates of  the  same  age  cells  are  essen- 
tially all  active  in  4  mM  K+  and  all  off 
in  8  mM  K+. 

The  sharp  slope  of  decrease  of  %BA 
versus  K0  with  7-day  aggregates  made  a 
determination  of  individual  aggregate 
K-thresholds  difficult.  However,  of  76 
4-day  aggregates  exposed  twice  in  step- 
wise fashion  to  4,  8,  and  12  mM  K+  at 
3-hour  intervals,  44  aggregates  (58%) 
stopped  beating  at  the  same  level  of  K0 
both  times.  The  mean  volume  of  aggre- 
gates with  reproducible  thresholds  was 
1.4  X  106  n3  (SE  =  0.27).  Aggregates 
with  nonreproducible  thresholds  had  a 
mean  volume  of  1.5  X  106  /x3  (SE  = 
0.27).  There  is  no  apparent  correlation 
between  the  volume  of  aggregates  and 
the  reproducibility  of  thresholds. 

The  rates  of  the  treated  aggregates 
were  fairly  reproducible.    About  72%  of 
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TABLE  22.    Suppression  of  Spontaneous  Activity  of  Isolated  Cells  and 
Aggregates   by   Potassium   Ions 


[K+] 
mM 

Isolated  Cells 

* 

Aggregates  % 

4-day 

% 

7-day 

% 

4-day 

% 

7-day 

% 

1.3 

lOOf 

100 

100 

100 

4.0 

96 

58 

100 

4.6 

97 

5.0 

56 

6.0 

98 

8 

7.0 

8 

8.0 

85 

32 

74 

0 

10.0 

38 

0 

12.0 

72 

17 

7 

0 

16.0 

1 

20.0 

5 

0 

0 

*  Data  from.  DeHaan,  1970. 

t  Data  are  normalized  by  letting  the  number  of  cells  or  aggregates  beating  in  1.3  mM  K+  equal 
100%.  Actual  percentages  of  beating  cells  and  aggregates  are:  4-day  cells,  53%;  7-day  cells,  47%; 
4-day  aggregates,  100%;  7-day  aggregates,  100%. 

t  Data  from  three  pooled  experiments,  rounded  off  to  the  nearest  whole  number. 


the  aggregates  had  pulsation  rates  within 
20  B/M  of  their  original  rate  at  4  mM 
K+  and  86%  at  8  mM  K+. 

The  original  DeHaan-Schaefer  data  on 
7-day  isolated  myocytes  indicated  that 
about  88%  of  these  cells  had  reproducible 
thresholds  for  K-suppression.  To  see 
whether  the  lower  figure  observed  with 
4d  aggregates  (58%)  resulted  from  the 
difference  in  embryonic  age  or  configura- 
tion, the  DeHaan-Schaefer  experiment 
was  repeated  with  isolated  4-day  pace- 
makers. From  a  single  preliminary  ex- 
periment 18  out  of  36  isolated  cells 
(50%)  were  found  to  have  identical 
thresholds  in  both  series  of  potassium 
levels— 4.0,  8.0,  14,  and  20  mM  K.  This 
result  indicates  that  neither  the  single 
cells  nor  the  aggregates  of  4-day  heart 
have  developed  stable,  reproducible 
thresholds  to  K0. 

The  mode  of  interaction  of  aggregated 
heart  cells  in  response  to  K0  is  a  function 
of  the  developmental  stage  of  the  inter- 
acting cells.  Both  4-day  aggregates  and 
4-day  isolated  cells  are  relatively  insen- 
sitive to  K0.  Seven-day  aggregates,  how- 
ever, show  a  decidedly  higher  sensitivity 
to  K0  than  7-day  cells,  and  respond  over 


a  narrower  range  of  K0.  If  there  were  no 
interaction  among  cells,  then  the  K-sensi- 
tivity  of  7-day  isolated  cells  should 
resemble  that  of  aggregated  7-day  cells. 
The  substantial  differences  observed 
seem  to  reflect  such  an  interaction  among 
heart  cells  aggregated  in  a  tissue-like 
configuration. 

Embryonic  heart  aggregates  show  a 
progressively  increasing  sensitivity  to  K0, 
with  the  major  increase  between  the 
fourth  and  fifth  day  of  development.  As 
noted  above,  DeHaan  and  McDonald 
have  shown  that  changes  in  the  ionic 
regimes  and  permselectivity  of  the  mem- 
brane of  embryonic  heart  cells  during 
early  development  may  underlie  the  in- 
crease in  K-sensitivity  of  single  cells  and 
of  aggregates. 

The  relatively  poor  reproducibility  of 
K-inhibition  thresholds  in  4-day  heart 
aggregates  and  isolated  pacemakers,  to- 
gether with  the  wide  scatter  of  rate  devi- 
ations in  4-day  aggregates,  suggest  that 
stable  ionic  regimes  are  not  established 
in  the  cells  of  a  4-day  heart  but  may 
become  more  prevalent  between  the 
fourth  and  seventh  day,  to  yield  repro- 
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ducible  thresholds 
cells. 


of  7-day  pacemaker 


Sensitivity  to  Tetrodotoxin 

It  has  been  known  for  a  decade  or  more 
that  the  Puffer-fish  poison  known  as 
tetrodotoxin  (TTX)  is  a  potent  and  spe- 
cific inhibitor  of  the  inward  sodium  cur- 
rent in  nerve  and  muscle.  This  current  is 
responsible  for  the  rapid-rising  phase  of 
the  action  potential  of  all  excitable  cells. 
TTX  specifically  blocks  the  inward 
sodium  current  and  abolishes  pacemaker 
activity  in  cells  in  which  the  generation 
of  action  potentials  depends  on  a  transi- 
ent increase  in  sodium  conductance. 
There  is  now  some  evidence  that  such  a 
mechanism  underlies  the  generation  of 
action  potentials  in  the  embryonic  chick 
heart,  at  least  at  later  stages. 

In  an  attempt  to  probe  the  differentia- 
tion of  TTX-sensitive  Na  channels  dur- 
ing development  of  the  heart,  McDonald, 
Sachs,  and  DeHaan  have  initiated  a 
series  of  studies  of  the  effects  of  this 
agent  on  the  spontaneous  pulsatile  activ- 
ity of  intact  hearts,  single  isolated  cells, 
and  aggregates  of  dissociated  cells.  From 
the  past  year's  work,  the  following  con- 
clusions have  emerged:  (1)  The  heart  of 
the  chick  embryo  aged  4  days  or  younger 
is  insensitive  to  10~5  g/ml  TTX  (3  X 
10"5  M).  Sensitivity  to  TTX  increases 
dramatically  between  days  4  and  7  and 
thereafter  remains  constant.  (2)  Only  a 
small  fraction  of  isolated  cells  are  sensi- 
tive to  TTX  and  this  fraction  does  not 
increase  with  age.  (3)  Aggregates  formed 
from  single  cells  compare  closely  with  in- 


tact heart  in  both  their  age-  and  dose- 
sensitivity  to  TTX.  (4)  TTX  sensitivity 
is  lost  from  cells  upon  exposure  to  trypsin, 
but  can  be  restored  in  about  3  hours  by 
cells  organized  as  aggregates  (but  not 
isolated  in  monolayer  culture)  by  a  proc- 
ess requiring  protein  synthesis. 

Table  23  shows  the  percentage  of  intact 
hearts  dissected  out  and  observed  in  a 
culture  dish  that  continued  to  beat  fol- 
lowing successive  15-minute  exposures 
to  TTX,  1CT8  to  IO"5  g/ml.  Sensitivity  to 
TTX  increased  with  increasing  embryo 
age.  All  hearts  from  2— 4-day  embryos 
(5  day  2,  22  day  3,  20  day  4)  continued 
beating  in  the  presence  of  1.1  X  IO-5 
g/ml  TTX.  In  fact,  6  hearts  from  4-day 
embryos  incubated  overnight  in  the  pres- 
ence of  1.1  X  10"5  g/ml  TTX  were  ob- 
served still  beating  regularly  the  next 
morning.  Hearts  from  5-day  embryos 
were  slightly  sensitive  to  TTX,  spon- 
taneous activity  being  blocked  in  9  of 
20  hearts  in  the  presence  of  1.1  X  10"6 
g/ml.  By  day  7,  43%  of  the  hearts 
stopped  beating  at  IO8  g/ml  TTX.  No 
further  increase  in  sensitivity  was  ap- 
parent in  hearts  from  12-day  embryos. 
Although  beating  activity  was  scored  15 
minutes  after  the  addition  of  each  dose  of 
TTX,  it  was  repeatedly  observed  in  all 
three  kinds  of  heart  preparations  under 
study  that  TTX  was  effective  within  the 
first  3  minutes  or  not  at  all.  The  effect  of 
TTX  was  reversible;  all  affected  hearts 
resumed  beating  after  the  drug  was  re- 
moved. The  average  control  beating  rate 
of  27  hearts  from  6-,  7-,  and  12-day 
embryos  was  118/min.    Fifteen  minutes 


TABLE  23.   Percentage  of  Intact  Chick  Hearts  Beating  in  Tetrodotoxin 


TTX 

(g/ml) 


Days  2-4 


Day  5 


Day  6 


Day  7 


Day  12 


10-8 

100 

100 

80 

57 

55 

icr7 

100 

75 

50 

4 

9 

io-6 

100 

55 

35 

0 

0 

io-6 

100 

40 

15 

0 

0 

No.  hearts 

47 

20 

20 

23 

22 
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TABLE  24.  Percentage*  of  Isolated  Heart  Cells  and  Aggregates  Beating  in  Tetrodotoxin 


TTX 

%  Control  Beating  Cells 

(g/ml) 

4  day 

7  day 

12  day 

io-8 

78.2  ±  2.3 

82.5  ±  3.4 

84.5  ±  5.0 

10-7 

77.0  ±  3.7 

68.2  ±  3.4 

75.3  ±  5.2 

IO-6 

75.2  ±  5.9 

65.8  ±  5.6 

66.4  ±  6.9 

10-6 

77.7  ±  3.9 

63.2  ±  4.2 
%  Control  Beating  Aggregates 

68.2  ±  7.4 

10-8 

93.0  ±  3.7 

61.8  ±  7.8 

47.8  ±  4.9 

IO"7 

73.2  ±  7.0 

17.7  ±  5.6 

18.0  ±  4.9 

10~6 

78.0  ±  2.6 

4.2  ±  1.3 

6.8  ±  1.5 

10~5 

78.4  ±  7.1 

6.4  ±  2.7 

4.8  ±  1.1 

*  The  actual  percentages  of  beating  cells  and  aggregates  have  been  normalized  and  are  expressed 
here  as  percent  of  control  values.  Control  percentages  were  determined  immediately  before  the 
beginning  of  each  experiment;  they  averaged  38%  beating  isolated  cells  and  99%  beating 
aggregates. 


after  washing  out  an  accumulated  dose 
of  1.1  X  10~6  g/ml  TTX,  the  pulsation 
rate  resumed  at  109/min. 

Table  24  compares  the  TTX  sensitivity 
of  isolated  heart  cells  and  aggregates 
from  embryos  aged  4,  7,  and  12  days. 
The  major  inhibition  by  TTX  of  single- 
cell  pulsatile  activity  was  apparent  after 
successive  doses  of  10"8  and  10~7  g/ml,  by 
which  concentration  approximately  30% 
of  the  beating  cells  were  suppressed.  Fur- 
ther doses  to  the  final  concentration  of 
1.1  X  10"5  g/ml  had  little  effect.  Al- 
though the  TTX  sensitivity  of  heart  cells 
from  7-  and  12-day  embryos  was  slightly 
greater  than  that  of  cells  from  4-day 
embryos,  it  is  obvious  that  the  majority 
of  single  cells  in  culture  did  not  share 
with  their  parent  hearts  the  increase  in 
TTX  sensitivity  with  age.  Aggregates, 
on  the  other  hand,  responded  to  TTX  in 
a  manner  similar  to  that  of  whole  heart. 
Approximately  78%  of  the  4-day  aggre- 
gates remained  beating  in  1.1  X  10"5 
g/ml  TTX,  whereas  only  18%  of  7-  and 
12-day  aggregates  were  beating  in  1.1  X 
10~7  g/ml  TTX.  Additional  experiments 
on  aggregates  from  5-  and  6-day  hearts 
indicated  that  TTX  sensitivity  increases 
during  this  period  in  a  fashion  similar  to 
that  of  intact  hearts.   The  restoration  of 


pulsatile  activity  in  single  cells  and  ag- 
gregates following  washout  of  10~5  g/ml 
TTX  was  98%  and  97%,  respectively. 

DeHaan  and  his  colleagues  conclude 
that  there  is  a  striking  increase  in  the 
TTX  sensitivity  of  spontaneously  beating 
whole  hearts  from  chick  embryos  between 
days  4  and  7.  Recently,  the  effectiveness 
of  TTX  in  blocking  electrically  stimu- 
lated action  potentials  in  chick  heart 
ventricle  has  also  been  shown  to  be  re- 
lated to  the  age  of  the  embryo.  Since 
TTX  is  widely  accepted  as  a  specific  in- 
hibitor of  the  sodium  channel  in  nerve 
and  muscle  and  yet  is  without  effect  on 
channels  that  can  carry  both  sodium  and 
calcium,  the  observed  change  in  sensi- 
tivity to  TTX  of  hearts  and  aggregates 
with  age  is  open  to  three  interpretations : 
fl)  The  channels  responsible  for  the 
early  inward  current  of  the  action  poten- 
tial are  not  specific  for  sodium  in  young 
hearts,  but  the  sodium  specificity  of 
these  channels  increases  between  4  and 
7  days  of  development.  (2)  New  sodium- 
specific  channels  appear  between  days  4 
and  7.  (3)  Sodium-specific  channels  are 
present  in  both  early  and  late  hearts,  but 
the  access  of  TTX  to  these  channels 
changes  with  development.  It  has  been 
reported  that  hearts  from  3-  and  4-day 
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embryos  can  be  stimulated  to  generate 
action  potentials  in  sodium-free  medium, 
whereas  Brian  Hoffman  has  reported  that 
hearts  from  later  embryos  (6-day,  19- 
day)  are  inexcitable  in  20%  Na  medium. 
This  evidence  tends  to  favor  an  interpre- 
tation of  the  observations  based  on  an 
increasing  sodium  specificity  of  the  mem- 
brane channels  rather  than  TTX  access. 

An  unexplained  finding  is  the  response 
of  single  cells  as  compared  with  aggre- 
gates. In  most  experiments  single  cells 
and  aggregates  were  cultured  from  the 
same  population  of  cells;  i.e.,  hearts  were 
trypsinized,  dissociated  into  single  cells, 
and  then  aliquots  were  either  plated  or 
aggregated.  The  diminished  sensitivity 
of  isolated  cells  to  TTX  does  not  result 
merely  from  lack  of  cell-to-cell  contact. 
Confluent  monolayers  were  also  resistant 
to  TTX.  It  may  be  that  treatment  with 
trypsin,  or  other  culture  procedures, 
alters  the  structure  of  the  sodium  channel 
at  the  membrane  surface,  and  that  this 
alteration  results  in  the  observed  insensi- 
tivity  to  TTX. 

To  test  this  hypothesis,  primary 
monolayer  cultures  and  aggregates  were 
prepared  as  described  above  following 
dissociation  of  freshly  harvested  hearts 
into  their  component  cells. 

Secondary  monolayer  cultures  were 
prepared  by  dissociating  primary  aggre- 
gates into  single  cells  by  treatment  with 
0.1%  trypsin  for  15  minutes.  Secondary 
aggregates  were  prepared  from  mono- 
layer cells  by  the  same  techniques  as 
primary  aggregates,  after  removal  of 
these  cells  from  the  dish  surface  with 
0.1%  trypsin  (Nutritional  Biochem. 
1-300).  Such  aggregates  were  compar- 
able to  primary  aggregates  in  size  and 
beating  rates. 

Figure  27  compares  the  normalized 
percentage  of  aggregates  and  single  cells 
beating  in  the  presence  of  10"8  g/ml  and 
10"7  g/ml  TTX.  The  filled  circles  are 
values  determined  for  primary  aggregates 
and  cells,  while  the  columns  are  values 
for  secondary  aggregates  and  cells.    As 


reported  previously,  activity  of  over  80% 
of  primary  aggregates  was  suppressed  by 
10~7  g/ml  TTX.  In  contrast,  primary 
monolayer  cells  were  relatively  insensi- 
tive to  TTX;  68%  of  these  isolated  cells 
continued  beating  in  this  concentration  of 
the  drug.  When  these  cells  were  formed 
into  secondary  aggregates,  however,  these 
aggregates  (first  pair  of  columns)  were 
as  sensitive  as  primary  aggregates  (sec- 
ond pair  of  filled  circles).  Secondary 
monolayer  cells  (second  pair  of  columns) 
cultured  from  primary  aggregates  dis- 
played the  same  TTX  insensitivity  as 
primary  monolayer  cells.  Thus  the  ex- 
pression of  TTX  sensitivity  would  appear 
to  reflect  the  degree  of  cellular  organi- 
zation. 
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Fig.  27.  Response  of  primary  and  secondary 
cells  and  aggregates  to  tetrodotoxin.  Primary 
cells  and  aggregates  (filled  circles,  mean  ±  S.E., 
n  =  6-10  exp.)  were  tested  for  TTX  response 
20  hours  after  culturing.  The  absolute  values 
for  control  percent  beating  were  37%  and  99% 
for  primary  cells  and  aggregates,  respectively. 
Secondary  cells  and  aggregates  (columns) 
(mean  values,  n  —  400  cells,  200  aggregates) 
were  tested  about  20  hours  after  subculturing 
from  primary  aggregates  and  cells,  respectively. 
The  absolute  values  for  percent  beating  were 
38%  and  98%  for  secondary  cells  and  aggre- 
gates, respectively.  Data  were  normalized  to 
100%  as  percent  of  control  beating.  TTX 
responses  were  measured  15  minutes  after  addi- 
tion of  drug  to  culture  dish,  and  the  two  doses 
were  tested  sequentially. 
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Trypsin  is  known  to  alter  the  cell 
surface  and  the  electrical  properties  of 
excitable  cells.  Therefore,  it  was  next 
asked  whether  aggregates  exposed  to 
trypsin  but  not  dissociated  by  the  treat- 
ment would  lose  TTX  sensitivity  but 
retain  the  capacity  to  restore  it.  The 
normal  serum-containing  medium  in  the 
culture  dish  was  replaced  by  a  serum- 
free  medium  (50%  balanced  salt  solution, 
50%  medium  199).  Control  experiments 
indicated  that  more  than  95%  of  the 
aggregates  beat  at  normal  rates  during  a 
4-hour  incubation  in  this  medium.  Ag- 
gregates were  subjected  to  a  20-minute 
treatment  with  0.005%  trypsin.  Many 
aggregates  lost  their  attachment  to  the 
culture  dish  and  became  rough  surfaced 
by  this  treatment,  but  the  aggregates  did 
not  become  dissociated  and  the  cellular 
mass  continued  to  beat  synchronously. 
The  trypsin  was  inactivated  by  the  addi- 
tion of  fetal  calf  serum  (10%  in  the 
medium),  and  the  TTX  sensitivity  was 


compared  with  control  aggregates  in  the 
same  medium,  but  not  treated  with  tryp- 
sin. As  shown  in  Fig.  28,  80%  of  the 
aggregates  not  exposed  to  trypsin  stopped 
beating  in  TTX  (2.5  X  10"8  g/ml)  within 
minutes  after  addition  of  the  drug.  In 
contrast,  the  pretreatment  with  trypsin 
rendered  aggregates  initially  insensitive 
to  the  drug.  After  10  minutes  in  TTX,  for 
example,  90%  of  the  enzyme-treated  ag- 
gregates were  still  beating.  Over  the  next 
90  minutes  there  was  a  gradual  increase 
in  the  number  of  aggregates  blocked  by 
the  toxin.  Even  after  170  minutes,  how- 
ever, more  trypsin-treated  aggregates 
were  beating  than  control  aggregates. 

To  investigate  whether  protein  syn- 
thesis was  involved  in  the  resensitization 
to  TTX  after  mild  trypsinization,  pri- 
mary aggregates  were  preincubated  with 
cycloheximide  (5/xg/ml)  for  23  hours, 
exposed  to  0.01%  trypsin  for  20-30  min- 
utes, and  tested  for  TTX  sensitivity  in 
the  continued  presence  of  cycloheximide. 
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Fig.  28.  Response  of  heart  cell  aggregates  to  TTX  2.5  X  10"8  g/ml.  Control  (solid  circles)  ag- 
gregates in  serum-free  medium,  TTX  and  fetal  calf  serum  (10%)  added  at  time  0.  Trypsin- 
treated  (triangles)  aggregates  were  exposed  to  0.005%  trypsin  in  serum-free  medium  for  20  min- 
utes; fetal  calf  serum  (10%)  and  TTX  were  added  at  time  0.  At  170  minutes  (arrow)  medium 
in  the  dishes  was  changed  three  times  with  normal  serum-containing  medium  without  tetrodotoxin. 
Data  are  the  means  of  two  experiments. 
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This  cycloheximide  concentration  in- 
hibited 14C-amino  acid  incorporation  by 
92%  after  1  hour,  but  permitted  98%  of 
the  aggregates  to  continue  beating  even 
after  a  24-hour  exposure  (although  the 
mean  beating  rate  declined  by  43%). 
Figure  29  shows,  first,  that  cycloheximide 
alone  does  not  reduce  the  sensitivity  of 
aggregates  to  TTX;  immediately  after 
exposure  to  the  toxin  (1  X  10"6  g/ml) 
only  6%  of  the  aggregates  continued 
beating.  Aggregates  pretreated  with 
trypsin  were  initially  relatively  insensi- 
tive to  TTX,  but  regained  sensitivity 
over  the  subsequent  2^  hours,  as  also 
shown  at  the  lower  TTX  concentration  in 
Fig.  28.  In  contrast,  treatment  with  both 
trypsin  and  cycloheximide  significantly 
blocked  the  slow  recovery  in  sensitivity. 
Thus  it  would  appear  that  protein  syn- 
thesis is  required  for  TTX  resensitization 
of  heart  tissue  made  insensitive  by 
trypsin. 

The  finding  that  multicellular  struc- 
ture is  needed  for  expression  of  the  dif- 
ferentiated state  is  not  peculiar  to  embry- 


onic myocardial  cells.  It  is  known  that 
neural  retinal  aggregates  show  a  greatly 
increased  induction  of  glutamine  synthe- 
tase by  hydrocortisone  when  compared 
to  monolayer-cultured  cells,  and  specific 
enzyme  activities  of  acetylcholine  trans- 
ferase and  acetylcholine  esterase  are  con- 
siderably higher  in  embryonic  brain 
reaggregates  than  in  monolayer-cultured 
cells.  Similarly,  blastula  cells  of  Xenopus 
isolated  in  culture  fail  to  synthesize  alka- 
line phosphatase,  but  cell  aggregates 
do  so. 

It  has  been  suggested  that  isolated 
myocardial  cells  in  culture  lose  TTX 
sensitivity  because  of  denervation  during 
the  culture  procedure,  rather  than  ex- 
posure to  trypsin.  The  present  results 
demonstrate  that  cells  can  regain  sensi- 
tivity to  the  toxin  on  reaggregation  and 
lose  that  sensitivity  upon  re-isolation. 
Therefore,  denervation  does  not  appear 
to  play  a  role  in  the  expression  of  TTX 
sensitivity.  Furthermore,  the  finding  that 
aggregates  lose  sensitivity  upon  mild 
trypsinization  but  regain  sensitivity  by 
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Fig.  29.  Response  of  cycloheximide  (CH) -pretreated  aggregates  to  tetrodotoxin  1  X  10"6  g/ml. 
Control  (solid  circles)  aggregates  were  incubated  for  23  hours  with  cycloheximide  5  /xg/ml  before 
addition  of  TTX  at  time  0.  Trypsin-treated  (TRYP)  (open  circles)  aggregates  were  incubated  for 
23  hours  with  cycloheximide  5  /*g/ml,  and  then  exposed  to  trypsin  0.005%  in  serum-free,  cyclo- 
heximide-containing  medium  for  30  minutes.  Fetal  calf  serum  (10%)  and  TTX  were  added  at 
time  0.  Trypsin  control  (triangles)  aggregates  were  not  preincubated  with  cycloheximide  but  ex- 
posed to  trypsin  (0.005%)  in  serum-free  medium  for  30  minutes.  Fetal  calf  serum  (10%)  and 
TTX  were  added  at  time  0.  Values  represent  the  means  of  two  experiments. 
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a  protein-synthetic  pathway,  strongly 
suggests  that  exposure  of  cells  to  the 
enzyme  during  the  culture  procedure 
causes  them  to  become  insensitive  to 
TTX.  Moreover,  cell-to-cell  interaction 
as  in  aggregates  (but  not  in  monolayer 
sheets)  appears  to  be  required  for  activa- 
tion of  the  synthetic  pathway  by  which 
cells  regain  their  sensitivity  to  TTX. 

Synchronization  of  Cultured 
Heart  Cells 

The  region  of  the  heart  known  as  the 
sinoatrial  node  acts  as  pacemaker  for  the 
entire  organ.  Since  the  sinoatrial  node 
has  a  faster  intrinsic  pulsation  rate  than 
other  parts  of  the  heart,  the  conclusion 
has  been  drawn  that  any  rapidly  beating 
tissue  can  act  as  pacemaker  for  a  region 
with  a  slower  intrinsic  rate.  In  reports  of 
the  last  two  years,  DeHaan  and  his  col- 
leagues have  investigated  the  rate  rela- 
tionships of  pairs  of  pacemakers  isolated 
as  single  cells  in  culture.  DeHaan  has 
shown  that  when  two  single,  independ- 
ently beating  myocytes  come  into  con- 
tact, they  synchronize  but  not  necessarily 
at  the  rate  of  the  faster  cell.  In  last 
year's  Report,  a  video  recording  system 
designed  by  Hermann  Wolf  was  de- 
scribed that  permits  long-term  recording 
of  the  individual  beats  of  two  or  more 
cells  or  cell  groups.  During  the  present 
year  Thomas  E.  Durr,  a  student  working 
with  DeHaan's  guidance,  has  used  this 
video  system  to  record  the  patterns  of 
beating  of  single  pacemakers  when  syn- 
chronizing with  a  larger  group  of  cells 
beating  as  a  coordinated  unit. 

Each  culture  dish  was  observed  on  the 
video  system  of  Wolf  and  DeHaan,  tem- 
perature and  atmosphere  being  main- 
tained at  37 °C  and  5%  C02,  10%  02, 
and  85%  N2.  This  system  involves  a 
closed  circuit  television  camera  (Pana- 
sonic model  WV-400P),  coupled  to  the 
phototube  of  an  inverted  phase  optics 
Unitron  microscope,  which  projects  the 
image  (magnification  2.2  X  104)  onto 
two  Panasonic  video  screens,  one  small 


and  one  large.  Phototransistors  are  placed 
in  front  of  the  large  screen  over  the  area 
of  the  cells'  image,  from  which  light  in- 
tensity changes  caused  by  contractions 
are  great  enough  to  be  recorded.  The 
pulses  produced  in  the  phototransistors 
are  simultaneously  monitored  on  a  Tek- 
tronix R5103N  oscilloscope  and  recorded 
by  a  Hewlett-Packard  3960  Instrumenta- 
tion Recorder  with  a  channel  for  vocal 
comments,  after  being  amplified  and 
filtered.  The  small  screen  provides  for 
visual  monitoring  of  the  cells  unob- 
structed by  phototransistors.  Thirty-five 
millimeter  photos  are  also  taken  from  this 
small  screen. 

Pairs  of  groups  were  selected  in  which 
one  member  of  the  pair  was  a  multicel- 
lular, spontaneously  beating  group  and 
the  other  member,  usually  a  single  myo- 
cyte, was  at  least  2-8  /x  away  from  the 
larger  group. 

Using  a  cycle  of  5  minutes  of  record- 
ing and  15  minutes  of  nonrecording,  and 
noting  time  and  tape  position,  a  history 
of  the  independent  rates  was  obtained. 
Once  contact  occurred  between  the  sin- 
glet and  the  group,  the  two  rates  were 
recorded  continuously  until  synchrony 
was  established.  Then  the  cycle  was  re- 
sumed for  approximately  another  two 
hours  to  obtain  a  history  of  the  syn- 
chronous rate. 

The  rare  histories  from  18  experiments 
that  have  been  completed  and  analyzed 
thus  far  are  shown  in  Table  25.  It  can 
be  seen  that  the  range  of  individual  pul- 
sation rates  varied  widely  (from  0-198 
B/m) .  The  steadiness  with  which  each 
cell  or  group  beat  was  also  variable,  and 
rather  characteristic  for  each.  Some  of 
the  steadily  beating  cells  and  groups  had 
deviations  from  the  mean  rate  of  only 
1-2  beats  per  minute.  In  contrast,  cells 
wih  large  deviations  could  vary  in  their 
rates  by  40-50  beats  per  minute ;  that  is, 
the  inter-beat  interval  could  fluctuate 
from  500  to  3000  msec  in  the  course  of  a 
few  beats,  or  even  from  one  beat  to  the 
next. 
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The  time  elapsed  from  first  apparent 
contact  between  the  groups  to  the  estab- 
lishment of  good  synchrony  ranged  from 
6  minutes  to  120  minutes,  the  mean  re- 
quired time  being  39  minutes.  It  was 
observed  that  this  time  was  highly  de- 
pendent on  the  apparent  amount  of  mem- 
brane surface  area  involved  in  the  initial 
contact  and  on  how  rapidly  this  area 
increased  as  the  cells  came  closer  to- 
gether. 

Of  the  18  experiments  listed  in  Table 
25,  5  are  difficult  to  interpret  either 
because  synchrony  was  never  completely 
established  (no.  14)  or  because  the  rates 
of  one  of  the  groups  before  and/or  after 
synchronization  was  so  variable  that 
significant  differences  cannot  be  estab- 
lished (nos.  6,  8,  10,  11).  Of  the  13  re- 
maining experiments,  however,  the  final 


synchronized  rate  was  equal  to  or  within 
one  average  deviation  from  the  initial 
rate  of  the  larger  group  in  12.  In  8  of 
these  the  larger  group  had  the  initially 
faster  rate;  in  4  it  was  slower.  In  the 
experiments  reported  last  year,  in  which 
pairs  of  single  pacemakers  were  allowed 
to  synchronize  as  1:1  combinations,  it 
was  shown  that  it  was  not  possible  to  pre- 
dict the  synchronous  rate  knowing  only 
the  initial  rates  of  the  two  members  of 
the  pair.  The  preliminary  data  presented 
here  suggest  that  it  is  not  initial  rate  but 
size  that  is  important.  A  group  of  two  or 
more  cells  tends  generally  to  dominate 
a  singlet  and  to  force  its  own  rate  on  the 
latter,  irrespective  of  whether  the  group 
was  initially  faster  or  slower  than  the 
singlet. 


THE    COLLECTION    OF    HUMAN    EMBRYOS 

R.  O'Rahilly 


During  the  calendar  year  1971,  10 
specimens  from  three  states  (5  from 
Maryland)  were  submitted  by  phy- 
sicians. 

Developmental  Stages  in  Human 
Embryos 

With  the  assistance  of  Nancy  Kolzak, 
the  human  collection  is  being  catalogued. 
O'Rahilly's  account  of  stages  1  to  9,  that 
is,  embryos  of  the  first  three  weeks,  is 
now  nearing  completion.  Included  is  a 
detailed  description  of  the  morphological 
appearances  of  the  human  embryo  from 
a  single  cell  up  to  the  initial  appearance 
of  the  somites,  together  with  drawings, 
photographs,  tables,  and  a  summary  of 
the  world  literature.  In  the  first  nine 
stages,  O'Rahilly  estimates  that  there 
exist  reports  of  some  180  more  or  less 
normal  specimens,  and  approximately  50 
of  these  are  in  the  Carnegie  Collection. 
Tabulation  of  all  these  specimens  will 
enable  newly  discovered  embryos  to  be 
related  to  the  existing  body  of  knowledge 


and  will  eventually  aid  in  the  difficult  dif- 
ferentiation between  normal  and  abnor- 
mal features.  Although  a  detailed  de- 
scription of  the  human  embryo  at  each 
stage  is  being  provided,  it  must  be 
stressed  that  many  gaps  in  our  knowl- 
edge still  exist  and  that  such  matters  as 
the  origin  of  the  extra-embryonic  meso- 
blast  remain  quite  controversial. 

Development  of  the  nervous  system. 
During  the  year,  O'Rahilly  and  Gardner 
published  an  account  of  the  development 
of  the  human  nervous  system  based  on 
staged  embryos.  Particular  attention  is 
now  being  given  to  the  human  brain  at 
stage  23  (the  end  of  the  embryonic  period 
proper),  and  seven  specimens  from  27  to 
32  mm  C.-R.  are  being  studied  in  detail. 
A  striking  characteristic  is  the  greater 
degree  of  nuclear  organization  and  con- 
nections of  the  caudal  portion  of  the 
brain.  Prominent  features  include  the 
spinal  and  mesencephalic  tracts  of  the 
trigeminal  nerve,  fasciculus  solitarius, 
fasciculus   retroflexus,   striae   medullares 
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thalami,  mamillotegmental  tract,  pos- 
terior commissure,  and  commissure  of  the 
superior  colliculi. 

Development  of  the  larynx.  In  col- 
laboration with  John  A.  Tucker,  Phila- 
delphia, work  on  the  development  of  the 
larynx  in  staged  human  embryos  con- 
tinues. The  foregut  is  visible  at  stage  9 
(perhaps  even  at  the  end  of  stage  8)  and 
is  characterized  by  a  median  pharyngeal 
groove  that  presages  the  first  indication 
of  the  respiratory  system. 

Development  of  the  urinary  systeyn. 
In  collaboration  with  Edward  C.  Muecke, 
New  York,  an  account  of  the  development 
of  the  urinary  system  in  staged  human 
embryos  is  being  prepared.  Particular 
note  is  being  taken  of  the  nephric  data 
provided  by  Torrey  (1954)  in  an  im- 
portant but  often  neglected  article  in  the 
Contributions  to  Embryology. 

Development  of  the  hip  joint.  Gardner 
and  O'Rahilly  have  offered  the  following 
preliminary  account  of  the  early  develop- 
ment of  the  hip  joint. 

Serial  sections  of  human  embryos  aged 
6  to  8  postovulatory  weeks  (15-31  mm 
C.-R.)  were  examined.   The  shaft  of  the 


femur  had  begun  to  undergo  chondrifica- 
tion  by  stages  17  and  18,  and  a  bony 
collar  was  present  by  stage  22.  A  homo- 
geneous interzone  was  present  by  stage 
19,  and  the  head  of  the  femur  was  chon- 
drifying.  In  the  future  hip  bone,  the 
chondrific  centers  for  the  ischium  and 
pubis,  one  on  each  side  of  the  obturator 
nerve,  were  well  marked.  At  stage  20, 
the  labrum  acetabulare  was  indicated  by 
a  cellular  condensation.  Slight  loosening 
in  the  interzone  was  noted  by  stage  21, 
at  which  time  the  tendons  were  definite 
and  the  ligament  of  the  head  of  the  femur 
was  represented  by  a  cellular  condensa- 
tion. The  greater  trochanter,  however, 
had  not  yet  chondrified.  By  stage  23,  the 
transverse  ligament  of  the  acetabulum 
was  found,  the  ligamentous  portions  of 
the  capsule  were  recognizable,  cavitation 
had  begun  in  the  joint,  and  vascular  ero- 
sion of  the  shaft  of  the  femur  had  com- 
menced. Bursae  were  not  seen  in  this 
series.  In  general,  the  findings  of  Gard- 
ner and  Gray  (1950)  on  unstaged  mate- 
rial were  confirmed,  although  the  se- 
quence and  timing  of  events  were  estab- 
lished with  greater  precision. 


TECHNIQUES 


An  Autoradiographic  Scanning 
Method 

Max  Springer 

A  variety  of  studies  require  that  indi- 
vidual cells  labeled  with  radioactive  pre- 
cursors be  localized  and  identified  after 
preparation  for  electron  microscopy.  Con- 
ventional autoradiographic  techniques 
readily  permit  localization,  but  methods 
currently  available  for  such  studies  are 
not  suitable  for  subsequent  electron  mi- 
croscopic examination  of  the  localized 
cells.  The  procedure  given  below  allows 
the  complete  scanning  even  of  relatively 
large  pieces  of  tissue  for  randomly  scat- 
tered labeled  cells.  The  tissue  is  treated 
first  with  the  standard  procedures  for 
electron  microscopy.  Serial  semi-thin  sec- 


tions are  cut,  mounted  on  Falcon  plastic 
dishes,  and  reembedded  in  Epon.  After 
separation  from  the  plastic,  autoradiog- 
raphy can  be  carried  out  with  light  micro- 
scopic methods.  Subsequently,  selected 
areas  are  resectioned  to  obtain  ultra-thin 
sections  for  electron  microscopy. 

Method 

1.  After  fixation  and  dehydration,  the 
tissue  is  embedded  in  plastic:  Epon  812, 
244  g;  DDSA,  159  g;  NMA,  107  g;  1.5% 
BDMA. 

2.  Serial  sections  3-5^.  thick  are  cut 
with  a  glass  knife  and  placed  on  top  of 
small  drops  of  distilled  water  in  a  Falcon 
plastic  dish.  (Falcon  Plastics  no.  3041 
Lid). 
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3.  For  flattening  and  subsequent  dry-  4.  The  sections  are  reembedded  by  fill- 
ing, the  dishes  are  put  into  a  warm  oven  ing  the  dish  with  a  layer  of  Epon  2-3 
(50-55°C)  for  several  hours.  mm  thick.    The  plastic  is  polymerized 


Fig.  30.  Neural  tube  of  a  2-day  chick  embryo  with  radioactively  labeled  injected  cells.  (A) 
3/t  thick  reembedded  section,  X400.  (B)  Labeled  cells,  X980.  (C)  Low-power  electron  micro- 
graph of  the  same  section  as  shown  in  Fig.  1A  and  IB,  after  resectioning.  (D)  Area  marked  in 
Fig.  C,  X3900.    (E)  Area  marked  in  Fig.  D,  X25000. 
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under  vacuum  at  40  °C  for  12-24  hours 
and  for  12-24  hours  at  55°C. 

5.  After  removal  from  the  oven,  the 
plastic  lid  is  placed  on  a  cool  surface. 
While  the  Epon  is  still  warm  and  flexible, 
the  Epon  plate  can  easily  be  separated 
from  the  Falcon  plastic  by  bending,  or 
if  necessary,  breaking  off  the  edge  of  the 
dish.  All  the  sections  remain  in  the 
Epon  plate  at  the  surface,  which  is  com- 
pletely flat  and  shiny. 

6.  The  Epon  plate  can  be  sawed  into 
several  1  X  3-inch  strips  to  fit  in  a  slide 
rack  (e.g.,  Bel-Art  Products,  Pequan- 
nock,  New  Jersey)  after  bevelling  the 
edges. 

7.  The  Epon  plates  are  coated  with 
photographic  emulsion  by  dipping.  They 
are  stored  in  the  dark,  developed,  and 
fixed  like  glass  slides  for  examination 
with  the  light  microscope. 

8.  Selected  sections  with  labeled  or 
identified  cells  are  mounted  on  lucite 
rods  so  that  the  reembedded  sections  face 
the  knife  edge.  The  emulsion  can  be  re- 
moved easily  after  soaking  in  warm 
water.  The  block  is  trimmed  and  sec- 
tioned with  either  a  glass  or  a  diamond 
knife.  The  flat  shiny  surface  permits  the 
microtomist  to  position  the  knife  and 
start  immediately  cutting  acceptable 
thin  sections.  Thirty  to  50  perfect  silver- 
gray  sections  can  be  obtained  from  one 
reembedded  3  fi  section. 

This  method  combines  the  advantages 
of  serial  sectioning  with  those  to  be  de- 
rived from  electron  microscopic  observa- 
tions. The  correlation  between  light  mi- 
croscopic image   and  that  subsequently 


seen  in  the  electron  microscope  is  excel- 
lent (see  Fig.  30b  and  30c) .  Reembedding 
and  resectioning  does  not  affect  the  qual- 
ity of  the  electron  micrography  (Fig. 
29d  and  e) .  The  semi-thin  sections  are 
perfectly  polymerized  into  the  overlaying 
Epon.  In  splitting  the  Epon  plate  from 
the  dish,  the  separation  always  occurs  as 
desired  between  Falcon  plastic  and  Epon 
if  the  Epon  is  polymerized  at  relatively 
low  temperatures.  Falcon  Plastic  dishes 
are  more  convenient  than  glass  slides  in 
that  they  separate  easily  from  the  Epon 
without  the  application  of  dry  ice,  liquid 
nitrogen,  or  antiadhesive  agents. 

Semi-thin  sections  reembedded  in  Epon 
provide  other  advantages  as  well.  For 
autoradiography,  this  method  eliminates 
the  risk  of  losing  sections  while  coating 
with  emulsion,  developing,  or  fixing,  as 
often  happens  when  sections  are  mounted 
on  glass  slides.  The  perfectly  flat  surface 
yields  a  homogenous  thickness  of  emul- 
sion, because  there  are  no  protruding 
edges  of  the  sections  as  on  glass  slides. 
In  case  of  incorrect  exposure  time  or 
emulsion  with  an  unacceptably  high 
background  grain  count,  the  emulsion 
may  be  completely  removed  after  soak- 
ing in  warm  water  and  wiping  with  a  soft 
cloth.  Since  the  sections  are  not  damaged 
or  lost  even  by  such  treatment,  fresh 
emulsion  may  be  applied.  The  embedding 
method  is  also  useful  for  very  valuable 
specimens,  since  there  is  no  risk  of  losing 
information,  as  is  the  case  when  adjacent 
thin  and  thick  sections  are  cut  by  previ- 
ous methods. 


STAFF    ACTIVITIES 


The  Department  is  beginning  to  ex- 
plore opportunities  in  plant  morpho- 
genesis. To  that  end,  a  conference  was 
held  at  the  Laboratory  on  April  3,  1972. 
Organized  by  John  G.  Torrey  of  Har- 
vard University  and  James  D.  Ebert,  the 
one-day  program  focused  attention  on 
plant  embryogenesis,  organization,  and 
activities  of  apical  meristems,  the  fusion 


of  plant  cells,  plant  cell  hybrids  and 
protoplasts.  In  addition  to  Professor 
Torrey,  the  roster  of  participants  in- 
cluded Winslow  Briggs  (Harvard),  Peter 
S.  Carlson  (Brookhaven  National  Labo- 
ratory), Oluf  L.  Gamborg  (Prairie  Re- 
gional Laboratory,  National  Research 
Council  of  Canada) ,  Richard  D.  Holsten 
(E.   I.   duPont   de   Nemours   and   Co.), 


DEPARTMENT     OF     EMBRYOLOGY 


71 


LionelJaffe  (Purdue),  Toshio  Murashige 
(California,  Riverside),  J.  D.  Pickett- 
Heaps  (Colorado),  and  Ian  Sussex 
(Yale).  The  Department's  own  Staff 
and  Fellows  were  joined  by  President 
Abelson  and  Dr.  Ackerman. 

Current  and  former  members  of  the 
Department  continued  to  participate  in 
the  U.S. -Japan  Cooperative  Science  Pro- 
gram. Working  in  collaboration  with 
Professors  T.  Fujii  and  Y.  Miura  (Shi- 
zuoka  and  Chiba  Universities),  James 
D.  Ebert  organized  a  U.S. -Japan  Semi- 
nar in  Control  Mechanisms  in  Develop- 
ment, held  at  the  invitation  of  Professor 
H.  S.  Bennett  at  Chapel  Hill,  North 
Carolina,  just  before  Thanksgiving  1971. 
R.  H.  Reeder  and  three  former  associates 
of  the  Department,  L.  P.  Gage,  M.  E. 
Kaighn,  and  Ikuo  Takeuchi  (now  Pro- 
fessor of  Botany,  Kyoto  University)  were 
among  the  participants. 

Other  conferences  and  symposia  in 
which  various  members  of  the  staff  par- 
ticipated during  the  past  year  were  the 
following:  International  Conference  on 
the  Prevention  of  Mental  and  Physical 
Handicaps  (Chateau  de  la  Verriere,  Le 
Mesnil  Saint-Denis,  France),  sponsored 
by  Institut  de  la  Vie;  Ernest  Everett 
Just  Memorial  Symposium  (Howard  Uni- 
versity) and  several  Gordon  Conferences 
including  those  on  the  Heart  and  on  Nu- 
cleic Acids. 

Lectures  were  presented  on  a  number 
of  campuses,  including  Albert  Einstein 
College  of  Medicine;  Dalhousie  Univer- 
sity; Emory  University;  Fordham  Uni- 
versity ;  Illinois  Institute  of  Technology ; 
Indiana  State  University;  Loyola  Col- 
lege; State  University  of  New  York, 
Albany;  The  Universities  of  Delaware, 
Illinois,  Maryland,  New  Mexico,  Penn- 
sylvania, Toronto,  Utah,  and  Virginia; 
and  Vanderbilt  University. 

Special  presentations  included  a  series 
of  lectures  at  The  National  Institute  of 
Cardiology  in  Mexico  City. 

Members  of  the  staff  also  spoke  at  a 
number  of  hospitals  and  research   cen- 


ters, including  Baltimore  Cancer  Re- 
search Center ;  Illinois  Pediatric  Research 
Institute;  Laboratory  of  Physical  Biol- 
ogy, National  Institutes  of  Health; 
Marine  Biological  Laboratory;  Mental 
Health  Research  Institute  (University 
of  Michigan) ;  and  Roche  Institute  of 
Molecular  Biology. 

Members  of  the  group  took  part  in 
meetings  of  a  number  of  learned  societies, 
including,  in  addition  to  those  already 
mentioned,  the  American  Association  of 
Anatomists,  American  Association  for  the 
Advancement  of  Science,  American  So- 
ciety of  Biological  Chemists,  American 
Society  for  Cell  Biology,  American  So- 
ciety of  Zoologists,  Biophysical  Society, 
Federation  of  American  Societies  for  Ex- 
perimental Biology  (Neurobiology  Club), 
National  Academy  of  Sciences,  Society 
for  Developmental  Biology,  Society  of 
General  Physiologists,  Society  for  Neuro- 
science  and  Tissue  Culture  Association. 

Advisory  and  consultative  services  in- 
cluded membership  on  the  editorial 
boards  of  Anales  del  Desarrollo,  Devel- 
opmental Biology,  In  Vitro,  Journal  of 
Biological  Chemistry,  Journal  of  Cell 
Biology,  Journal  of  Embryology  and  Ex- 
perimental Morphology,  Journal  of  Ex- 
perimental Zoology,  Excerpta  Medica 
(section  on  Human  Developmental  Biol- 
ogy) ,  Current  Topics  in  Developmental 
Biology,  and  Quarterly  Review  of 
Biology. 

Members  of  the  staff  also  acted  in  these 
capacities:  Member  of  the  Board  of  Sci- 
entific Overseers,  Jackson  Laboratory; 
Trustee,  President,  and  Director,  Marine 
Biological  Laboratory;  Member  of  the 
Board  of  Directors,  Oak  Ridge  Associ- 
ated Universities;  Vice  President,  Mary- 
land Academy  of  Sciences;  and  Member 
of  the  Executive  Committee  for  the 
Fourth  International  Conference  on  Con- 
genital Malformations. 

Other  posts  occupied  by  members  of 
the  Department  include  the  following: 
in  the  American  Association  for  the  Ad- 
vancement of  Science,  member,  Commit- 
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tee  on  Science  in  the  Promotion  of  Hu- 
man Welfare;  in  the  American  Institute 
of  Biological  Sciences,  member,  Council 
of  Past  Presidents;  in  the  American 
Society  for  Cell  Biology,  member  of  the 
Council ;  in  the  Institut  de  la  Vie,  Chair- 
man, World  Committee  on  the  Formative 
Weeks  of  Human  Life;  in  the  Interna- 
tional Society  of  Developmental  Biolo- 
gists, Secretary;  in  the  National  Insti- 
tutes of  Health,  member,  Cell  Biology 
Study  Section;  at  the  National  Science 
Foundation,  member  of  the  Divisional 
Committee  for  Biological  and  Medical 
Sciences;  and  in  the  Society  for  Develop- 
mental Biology,  member  of  Executive 
Committee. 

Formal  teaching  was  again  largely 
confined  to  the  Johns  Hopkins  Depart- 
ment of  Biology,  but  during  the  year 
lectures  were  offered  in  other  departments 
of  the  University  as  well,  among  them 
Biophysics,  Engineering,  Laryngology 
and  Otology,  and  Pediatrics. 

As  part  of  their  course  in  develop- 
mental biology  and  genetics,  ten  under- 
graduate students  and  two  faculty  mem- 
bers, Drs.  Elizabeth  Powelson  and 
Charles  Shaffer,  of  Wittenberg  Univer- 
sity, spent  a  day  in  the  Department. 
Among  their  "teachers  for  a  day"  were 
Donald  Brown,  Robert  DeHaan,  Douglas 
Fambrough,  Criss  Hartzell,  John  Rash, 
and  James  D.  Ebert. 

Robert  DeHaan  spent  the  month  of 
February  as  a  visiting  lecturer  in  the 
Department  of  Embryology  of  the  Na- 
tional Institute  of  Cardiology  in  Mexico 
City.  At  the  invitation  of  Department 
Chairman  Dr.  Maria  Victoria  de  la  Cruz, 
he  gave  a  series  of  lectures  on  his  work  on 


cardiac  development  and  pacemaker! 
function.  In  addition,  he  spent  most  of 
the  month  in  the  laboratory  teaching} 
such  techniques  as  cell  culture,  micro- 
surgery, and  autoradiography  to  the 
group  of  investigators  and  students  andj 
provided  guidance  in  setting  up  a  tissue, 
culture  laboratory. 

Seminars 

The  roster  of  speakers  at  the  seminars 
organized  by  the  Department  to  serve  all 
those  working  in  developmental  biology 
in  the  region  included:  K.  Baldwin 
(Howard  University  School  of  Medi- 
cine) ;  David  Barkley  (Harvard  Medical 
School)  ;  D.  E.  Buetow  (Gerontology 
Research  Center) ;  Gerald  Fischbach 
(National  Institutes  of  Health) ;  John 
Gurdon  (Oxford  University) ;  Charles 
Heidelberger  (University  of  Wisconsin) ; 
Douglas  Kankel  (California  Institute 
of  Technology)  ;  H.  H.  Kazazian,  Jr. 
(Johns  Hopkins  University  School  of 
Medicine) ;  Gunther  Kreil  (Institute  for 
Molecular  Biology,  Vienna)  ;  Abraham 
Marcus  (Institute  for  Cancer  Research) 
Paul  O'Lague  (Harvard  Medical  School) ; 
Richard  E.  Pagano  (Weizmann  Insti- 
tute) ;  Ira  Pastan  (National  Institutes 
of  Health)  ;  Aileen  Ritchie  (Johns  Hop- 
kins University  School  of  Hygiene  and 
Public  Health)  ;  Edward  F.  Rossomando 
(Brandeis  University) ;  Charles  Schauf 
(University  of  Maryland)  ;  W.  D.  Sutton 
(University  of  Edinburgh) ;  Bernard 
Weiss  (Johns  Hopkins  University  School 
of  Medicine) ;  and  Darcy  Wilson  (Uni- 
versity of  Pennsylvania  School  of 
Medicine). 
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INTRODUCTION 


Chlorophyll  in  live  plants  occurs  in  dif- 
ferent forms  that  can  be  recognized  by 
their  absorption  spectra,  although  they 
can  be  only  partially  separated  from  each 
other  by  chemical  methods.  The  identi- 
fication of  these  different  forms  has  come 
largely  from  comparisons  of  absorption 
spectra  of  chloroplast  particles  from  vari- 
ous algae  and  mature  leaves. 

Last  year  we  described  four  major 
forms  of  chlorophyll  a  that  we  believe  to 
be  universally  distributed  in  green  plants. 
That  these  major  forms  of  chlorophyll,  as 
identified  by  their  peak  wavelength,  are 
universal  and  invariant  is  a  conclusion  so 
basic  to  an  understanding  of  the  inter- 
action of  light  with  vegetation  that  the 
concept  is  worth  repeated  testing  and 
reconfirmation  or  modification. 

In  leaves  of  higher  plants  the  last  step 
in  chlorophyll  formation  is  the  photo- 
chemical transformation  of  protochloro- 
phyll  to  chlorophyll.  This  photochemical 
reaction  results  in  a  drastic  and  sudden 
change  in  the  absorption  spectra  of  leaves 
that  have  been  grown  in  the  dark.  Fol- 
lowing this  production  of  chlorophyll  the 
peak  of  its  absorption  spectrum  shifts  in 
a  complex  way.  The  first  of  these  spectral 
shifts  to  be  discovered  was  found  at  the 
Department  in  1955  by  Dr.  Kazuo  Shi- 
bata.  The  Shibata  shift  takes  place  over 
a  period  of  about  30  minutes,  during 
which  time  the  absorption  peak  moves 
from  about  684  to  672  nm.  There  are  also 
earlier  shifts  reported  within  the  same 
spectral  region  but  of  opposite  direction 
that  take  place  in  a  few  seconds.  These 
effects  may  be  interpreted  as  changes  in 
the  relative  proportions  of  several  differ- 
ent forms  of  chlorophyll  a. 

This  year  Dr.  Hemming  Virgin,  Profes- 
sor at  the  University  of  Goteborg  and  a 
former  Research  Fellow  of  the  Depart- 
ment, returned  for  a  five-month  visit.  His 
primary  research  interests  have  been  the 
transformation  of  protochlorophyll  into 


the  various  forms  of  chlorophyll  in  leaves 
of  higher  plants.  This  year  he  measured 
the  low  temperature  absorption  spectra  of 
etiolated  barley  leaves  during  a  time  se- 
quence following  a  flash  of  light.  These 
spectra  are  of  greater  precision  than  were 
previously  available  and  have  been  anal- 
yzed to  determine  the  successive  changes 
in  the  proportions  of  the  different  forms 
of  chlorophyll  during  the  two  types  of 
peak  shifts.  The  experiments  have  shown 
that  the  kinds  of  freshly  formed  chloro- 
phyll in  barley  leaves  are  indeed  similar 
to  those  believed  to  be  of  a  universal 
nature. 

Drs.  David  C.  Fork  and  Tetsuo  Hi- 
yama  have  investigated  the  role  that 
cytochrome  b  559  plays  in  photosynthesis. 
It  has  been  considered  by  some  that  this 
cytochrome,  like  the  /  type  cytochrome, 
functions  as  an  intermediate  electron  car- 
rier accepting  electrons  from  system  2 
and,  in  turn,  passing  them  along  to  sys- 
tem 1.  Last  year,  however,  Dr.  Fork  re- 
ported action  spectra  showing  that  sys- 
tem 2  rather  than  system  1  oxidized  this 
cytochrome.  This  result,  along  with  re- 
lated measurements  made  by  workers  at 
other  laboratories,  indicates  that  this 
cytochrome  does  not  function  as  previ- 
ously assumed.  We  are  thus  in  a  situation 
in  which  nobody  really  knows  how  to  fit 
this  substance  into  the  current  concepts 
of  how  the  photosynthetic  system  oper- 
ates at  the  level  of  system  2.  Measure- 
ments made  this  year  by  Drs.  Fork  and 
Hiyama  confirmed  that  this  cytochrome 
is  quite  likely  to  be  closely  associated 
with  system  2.  Using  particles  obtained 
from  the  grana  stacks  of  chloroplasts, 
they  found  that  cytochrome  b  559  exists 
naturally  in  its  high  potential  redox  form 
and  is  oxidized  by  system  2.  Only  after 
treatment  with  certain  inhibitors  and 
redox  carriers  did  photosystem  1  oxidize 
the  cytochrome.  So  far,  there  is  no  evi- 
dence  to   suggest   that  this   cytochrome 
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functions  in  the  main  photosynthetic  elec- 
tron flow  originating  from  water.  Cyto- 
chrome b  559  is  likely  to  be  a  member  of 
a  cyclic  pathway  associated  with  system 
2  that  would  regulate  the  overall  electron 
flow  and  energy  transformation  process 
of  photosynthesis. 

Dr.  Tetsuo  Hiyama,  an  Institution  Re- 
search Fellow,  has  set  up  a  system  for 
measuring  rapid  absorption  changes  fol- 
lowing a  short  flash  of  light.  Drs.  Hi- 
yama and  Fork  are  using  this  new  equip- 
ment to  study  early  events  in  the  electron 
transfer  pathways,  with  special  emphasis 
on  a  pigment,  P430,  which  Dr.  Hiyama 
proposed  as  the  primary  acceptor  of 
photosystem  1  last  year  while  he  worked 
at  the  C.  F.  Kettering  Research  Labora- 
tory with  Dr.  B.  Ke. 

Dr.  Jeanette  S.  Brown  has  compared 
the  system  1  and  system  2  activity  of 
chloroplast  particles  from  algae  of  differ- 
ent species  and  of  different  times  in  the 
life  cycle.  The  objective  is  to  find  the 
most  suitable  plant  material  and  reaction 
conditions  for  use  in  measurements  of  the 
action  spectra  for  the  specific  functions  of 
the  different  forms  of  chlorophyll. 

Dr.  William  Hagar  is  preparing  appa- 
ratus to  measure  the  derivative  action 
spectrum  of  oxygen  evolution  at  specific 
stages  of  development  in  the  life  cycle  of 
synchronized  algae  cells.  Using  these 
techniques  he  will  investigate,  in  vivo,  the 
relationship  of  the  forms  of  chlorophyll 
to  the  oxygen-evolving  part  of  photo- 
synthesis. 

Physiological  ecology.  This  year  Dr. 
Bjorkman  spent  ten  months  in  Canberra, 
Australia.  During  this  time  he  continued 
his  studies  of  the  adaptation  of  plants  to 
growth  in  shaded  environments.  Several 
other  investigators,  from  the  Australian 
National  University  where  Dr.  Bjorkman 
was  a  Visiting  Investigator  and  from  the 
CSIRO,  participated  in  these  studies, 
which  involved  coordinated  and  simul- 
taneous work  at  several  levels  of  com- 
plexity. The  study  has  spanned  the  gap 
between  field  ecology  and  studies  of  the 
biophysical    mechanisms    of    photosyn- 


thesis. A  mobile  laboratory  was  trans- 
ported to  the  shaded  floor  of  a  tropical 
rainforest  in  Lamington  National  Park, 
Queensland,  for  studies  in  situ  of  plants 
that  occupy  this  extremely  shaded  en- 
vironment. Plant  material  was  flown 
from  this  site  to  the  laboratories  in  Can- 
berra, where  studies  of  a  number  of  com- 
ponents of  the  photosynthetic  apparatus 
were  conducted.  This  work  with  plants 
grown  in  their  native  habitat  was  com- 
pared with  studies  on  a  "sun"  plant, 
Atriplex  patula,  grown  in  a  range  of  light 
intensities  under  controlled  conditions  in 
the  Canberra  Phytotron. 

These  studies  showed  that  natural  light 
in  the  native  rainforest  habitat  was  being 
used  at  an  efficiency  close  to  the  maxi- 
mum that  can  be  measured  under  labora- 
tory conditions,  but  the  light-saturated 
photosynthetic  rate  in  vivo  was  only 
about  one-tenth  of  that  for  the  sun  plants. 
Studies  of  the  photosynthetic  apparatus 
in  collaboration  with  Dr.  Boardman  and 
other  members  of  his  group  in  Canberra 
revealed  that  the  differences  in  photo- 
synthetic capacity  at  light  saturation 
were  related  to  much  higher  capacities  of 
both  the  COo  fixation  and  the  electron 
transport  systems  on  the  basis  of  light- 
harvesting  chlorophyll  in  the  sun  plants 
than  in  the  shade-adapted  plants.  In 
contrast  to  previous  expectations  an  in- 
creased ratio  of  electron  transport  capa- 
city to  chlorophyll  could  not  be  explained 
by  a  change  in  the  amount  of  light- 
harvesting  chlorophyll  associated  with 
each  photosynthetic  unit.  The  ratios  of 
light-harvesting  chlorophyll  to  reaction 
centers  were  essentially  constant,  but  the 
ratios  of  several  components  of  the  elec- 
tron transport  chain  to  reaction  centers  or 
light-harvesting  chlorophyll  were  con- 
siderably higher  in  the  sun-adapted  than 
in  the  shade-adapted  plants.  In  addition 
to  providing  significant  progress  toward 
understanding  the  biophysical  mecha- 
nisms that  underlie  adaptation  of  plants 
to  shaded  environments,  these  studies 
have  provided  new  information  concern- 
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ing  the  organization  of  the  photosynthetic 
electron  transport  system. 

While  in  Canberra  Dr.  Bjorkman  also 
collaborated  in  two  other  studies  which 
are  reported  this  year.  Together  with  Dr. 
Osmond  of  the  Australian  National  Uni- 
versity he  conducted  simultaneous  meas- 
urements of  oxygen  effects  on  net  photo- 
synthesis and  glycolate  metabolism  in  C3 
and  C4  species  of  Atriplex.  This  study 
indicates  that  glycolate  metabolism  oc- 
curs in  both  C3  and  C4  plants,  but  it  may 
play  only  a  minor  role  in  causing  the 
inhibition  of  photosynthesis  in  C3  plants 
in  air.  Studies  by  Drs.  Bowes  and  Berry 
also  support  this  conclusion.  An  investi- 
gation of  the  protein  chemistry  of  PEP 
carboxylase,  an  enzyme  present  in  both 
C3  and  C4  plants,  was  carried  out  by  Dr. 
Hatch  of  the  CSIRO,  Dr.  Troughton  of 
the  DSIR  in  New  Zealand,  Dr.  Osmond, 
and  Dr.  Bjorkman.  This  study  showed 
that  C4  plants  have  evolved  a  different 
isoenzyme  of  PEP  carboxylase,  presuma- 
bly to  fill  special  requirements  imposed  by 
the  C4  pathway.  Differences  in  the  photo- 
synthetic  PEP  carboxylase  between  C4 
plants  of  two  subgenera  of  the  genus 
Atriplex  suggest  that  the  C4  pathway 
may  have  evolved  independently  in  these 
two  subgenera.  Studies  also  reported  in 
this  paper  show  that  the  Fi  and  F2  hy- 
brids of  the  cross  between  A.  patula  and 
A.  rosea  have  inherited  both  parental 
types  of  PEP  carboxylase. 

Drs.  Nobs  and  Berry  have  continued 
experiments  designed  to  select  for  C4 
photosynthetic  characteristics  in  hybrids 
of  C3  and  C4  species  of  Atriplex.  Over 
200  individual  hybrid  genotypes  have 
been  tested  for  their  photosynthetic  char- 
acteristics. Thus  far  they  have  not  suc- 
ceeded in  recovering  a  hybrid  individual 
with  C4  photosynthetic  gas  exchange 
characteristics.  Dr.  Berry,  with  the  assist- 
ance of  the  Biophysical  Section  of  the  De- 
partment of  Terrestrial  Magnetism,  has 
embarked  upon  an  investigation  of  the 
nucleic  acids  of  the  C3  and  C4  species  of 
Atriplex.   With  the  help  of  Drs.  Straus, 


Hoyer,  and  Rice,  Dr.  Berry  learned  ana- 
lytical techniques  required  to  study 
DNA's,  and  methods  were  developed  to 
extract  and  purify  the  DNA  from  the  two 
parent  species.  Further  studies  of  the 
DNA  are  in  progress  but  are  not  yet  at  a 
stage  where  conclusions  can  be  drawn. 

Studies  of  the  effect  of  O2  concentra- 
tion on  carbon  isotope  fractionation  dur- 
ing growth  in  C3  and  C4  species  of  Atri- 
plex conducted  by  Drs.  Berry  and  Bjork- 
man in  collaboration  with  Dr.  Troughton 
show  that  the  presence  of  an  inhibitory 
effect  by  atmospheric  02  on  net  photo- 
synthesis in  C3  species  has  only  a  small 
effect  upon  the  isotope  fractionation.  The 
much  lower  discrimination  against  the 
heavier  carbon  isotope,  13C,  in  C4  plants 
is  caused  primarily  by  their  specific  C02 
fixation  pathway  rather  than  by  the  C02 
exchange  characteristics  associated  with 
this  pathway. 

Dr.  Bowes,  an  Institution  Research 
Fellow,  and  Dr.  Berry  have  been  collab- 
orating on  studies  of  the  mechanism 
underlying  the  inhibitory  effect  of  oxy- 
gen upon  photosynthesis.  A  key  to  carry- 
ing this  work  forward  was  the  selection  of 
an  advantageous  experimental  system. 
Interpretation  of  the  inhibitory  effect  of 
oxygen  upon  leaves  of  higher  plants  is 
complicated  by  the  simultaneous  occur- 
rence of  photorespiratory  C02  evolution 
and  photosynthetic  C02  uptake  within 
the  leaf.  Neither  process  can  be  precisely 
specified  by  instrumental  techniques 
which  respond  only  to  the  net  effect  of 
the  leaf  upon  its  environment.  The  green 
alga  Chlamydomonas,  however,  lacks 
photorespiratory  C02  release.  This  allows 
the  direct  effects  of  oxygen  on  photo- 
synthesis to  be  specified.  Also,  glycolic 
acid,  the  metabolite  that  in  higher  plants 
gives  rise  to  photorespiratory  C02  re- 
lease, is  excreted  by  this  alga,  which  al- 
lows for  an  estimate  of  the  effect  of  oxy- 
gen on  glycolate  formation.  These  experi- 
ments are  giving  support  to  the  hypoth- 
esis advanced  both  by  Drs.  Bowes  and 
Ogren  and  by  Dr.  Berry  last  year  that 


82 


CARNEGIE     INSTITUTION 


the  enzyme  ribulose  diphosphate  car- 
boxylase is  inhibited  by  oxygen  and  that 
the  enzyme  also  catalyzes  an  undesirable 
side  reaction  with  oxygen.  These  reac- 
tions have  been  demonstrated  in  vitro 
and  the  experiments  now  in  progress  sug- 
gest that  they  also  occur  in  vivo. 

In  July  1971  Dr.  Pearcy  and  Dr.  Berry 
made  another  trip  with  the  mobile  labora- 
tory to  Death  Valley.  Studies  were  con- 
ducted on  a  stand  of  Phragmites  com- 
munis (reed  grass),  a  C3  species  which 
grows  actively  during  the  hot  summer 
months.  Measurements  indicate  that  the 
photosynthetic  apparatus  of  this  plant  is 
not  adapted  to  operate  at  maximum  rates 
at  very  high  leaf  temperatures.  High 
rates  of  photosynthesis  occurred  in  spite 
of  the  high  air  temperatures  because  leaf 
temperatures  remained  fairly  low  (less 
than  40°C)  over  most  of  the  day.  This 
was  due  to  the  large  amounts  of  heat  lost 
through  transpiration.  Such  evaporative 
cooling  is,  of  course,  only  feasible  where 
there  is  an  abundant  source  of  water,  and 
the  stands  of  Phragmites  are  confined  to 
the  immediate  vicinity  of  springs. 

Drs.  Nobs,  Pearcy,  Berry,  and  Mr. 
Nicholson  conducted  a  reciprocal  trans- 
plant study  of  the  growth  under  natural 
conditions  of  Atriplex  patula,  a  C3  species 
native  to  the  Pacific  coast,  and  Atriplex 
rosea,  a  C4  species  occurring  in  hot  inland 
valleys,  in  habitats  characteristic  of  each. 
This  is  an  extension  of  earlier  studies  that 
have  attempted  to  specify  the  adaptive 
advantage  of  the  C4  pathway,  and  it 
shows  that  the  increased  water-use  effi- 


ciency endowed  by  this  pathway  is  in 
this  case  an  overriding  factor. 

Dr.  William  Hiesey  has  continued  his 
systematic  analysis  of  the  accumulated 
ecological  data  on  the  species  and  hybrids 
of  the  genus  Poa,  the  bluegrasses,  for  a 
forthcoming  monograph  on  evolution  in 
apomictic  bluegrasses.  He  is  also  collab- 
orating in  an  evolutionary  study  of  the 
genus  Medrosideros  [Myrtaceae~\  with 
staff  and  graduate  students  at  the  Univer- 
sity of  Hawaii. 

Much  of  the  work  at  this  Department 
on  photosynthetic  adaptation  to  different 
habitats  has  shown  that  plants  have  a 
wealth  of  genetic  information,  which  en- 
ables them  to  perform  efficiently  under 
marginal  conditions.  In  contrast  most,  if 
not  all,  of  our  agricultural  plants  are  bred 
to  take  maximum  advantage  of  optimal 
conditions.  This  results  in  very  high 
yields  but  limits  the  cultivation  of  many 
crops  to  regions  where  these  optimal 
conditions  can  be  met  and  often  requires 
that  massive  amounts  of  water  and  fer- 
tilizers be  supplied.  If  some  of  the  genetic 
adaptations  to  marginal  habitats,  particu- 
larly those  to  environments  of  limited 
water  supply,  could  be  incorporated  into 
some  crop  species,  the  possibility  exists 
of  extending  the  efficient  cultivation  of 
these  species  to  regions  where,  for  exam- 
ple, water  supply  is  insufficient  and  irri- 
gation too  costly  to  cultivate  present 
genotypes.  This  provides  yet  another 
reason  to  delve  more  deeply  into  the 
problems  of  adaptation  of  plants  to 
extreme  environments. 


PHOTOSYNTHETIC  ADAPTATION  TO 
CONTRASTING  LIGHT  CLIMATES 

Olle  Bjorkman 


Light,  the  driving  force  of  photosyn- 
thesis, shows  a  great  variation  in  inten- 
sity among  different  habitats  occupied  by 
higher  plants.  Shaded  floors  of  dense 
forests  and  open  sunny  locations,  such  as 
alpine    meadows,    coastal    strands,    and 


deserts,  probably  represent  the  extremes 
of  habitats  with  which  higher  plants  must 
cope.  It  is  common  knowledge  that 
"shade"  plants  are  capable  of  efficient  use 
of  low  light  intensities  for  net  photo- 
synthetic COo  uptake  and  growth  but  are 
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incapable  of  high  photosynthetic  rates  at 
high  light  intensities.  Conversely,  "sun" 
plants  have  a  high  capacity  for  photo- 
synthesis at  high  light  intensities  but  rela- 
tively low  rates  of  net  photosynthesis  at 
low  light  intensities.  Such  adaptive  dif- 
ferences can  be  induced  by  the  light  in- 
tensity under  which  a  given  plant  is 
grown.  Previous  investigations  by  mem- 
bers of  the  Physiological  Ecology  Group 
have  shown,  however,  that  the  adaptabil- 
ity, or  potential  range  for  such  environ- 
mentally induced  modification  of  photo- 
synthetic  characteristics,  is  determined 
by  the  genotype  and  is  a  result  of  genetic 
adaptation  to  the  light  climate  prevailing 
in  the  native  habitat.  Such  genotypically 
based  adaptations  exist  not  only  between 
different  species  but  also  between  differ- 
ent ecotypes  (ecological  races)  within 
single  biological  species  that  occupy  both 
densely  shaded  and  open  sunny  habitats. 

While  the  differences  in  overall  photo- 
synthetic  capacity  between  "shade"  and 
"sun"  plants  are  well  documented,  infor- 
mation on  the  mechanism (s)  underlying 
these  important  differences  is  incomplete, 
and  experimental  results  sometimes  ap- 
pear to  be  conflicting.  Some  experiments 
have  indicated  that  the  high  photosyn- 
thetic rates  at  high  light  intensities  of  sun 
plants  as  compared  with  shade  plants  are 
attributable  to  a  greater  conductance  of 
the  stomata  to  gas  diffusion. 

Other  experiments  implied  that  a 
greater  conductance  of  the  liquid  phase  in 
the  cell  to  the  diffusive  transport  of  dis- 
solved COo  from  the  cell  wall  to  the 
chloroplast  is  mainly  responsible  for  the 
higher  photosynthetic  rates  of  sun  plants. 
Studies  of  photosynthetic  capacities  of 
chloroplasts  and  photosynthetic  enzymes, 
isolated  from  the  leaves,  indicated  that 
the  intrinsic  photosynthetic  capacity  at 
the  chloroplast  level  is  markedly  greater 
in  sun  plants  than  in  shade  plants.  Dem- 
onstrations that  a  close  correlation 
exists  between  the  capacity  for  light- 
saturated  photosynthesis  of  intact  leaves 
and  the  amount  and  activity  of  carboxy- 
dismutase,  the  enzyme  responsible  for  the 


fixation  of  CO2,  suggested  that  the  level 
of  this  enzyme  is  an  important  limiting 
factor  of  photosynthetic  CO2  fixation. 
Observations  that  the  light-saturated  rate 
of  the  Hill  reaction  is  greater  in  sun  than 
in  shade  plants  suggested  that  the  capa- 
city of  the  photosynthetic  electron  trans- 
port chain,  and  hence  the  rate  of  genera- 
tion of  reducing  power  and  ATP,  might 
be  limiting  the  overall  photosynthetic 
rate. 

The  following  reports  present  the  re- 
sults of  a  concerted  effort  by  investiga- 
tors who  are  specialists  in  different  fields 
of  photosynthesis  to  analyze  the  differ- 
ence in  photosynthetic  characteristics 
between  extreme  shade  and  sun  plants, 
utilizing  the  same  plant  materials  grown 
under  identical  conditions.  This  work  was 
carried  out  during  my  stay  as  a  Visiting 
Investigator  at  the  Department  of  En- 
vironmental Biology,  Research  School  of 
Biological  Sciences,  Australian  National 
University,  Canberra.  It  is  the  result  of  a 
close  collaboration  with  Drs.  N.  K. 
Boardman,  Jan  M.  Anderson,  D.  J.  Good- 
child,  and  Mr.  S.  W.  Thorne  of  the  Bio- 
chemistry Section,  Division  of  Plant  In- 
dustry, CSIRO,  Canberra;  Dr.  M.  M. 
Ludlow  of  the  Division  of  Tropical  Pas- 
tures, CSIRO,  Brisbane;  and  Dr.  P.  A. 
Morrow  of  the  Department  of  Environ- 
mental Biology,  Australian  National 
University. 

The  present  studies  include  a  charac- 
terization of  the  light  climate  in  an  ex- 
tremely densely  shaded  rainforest  habitat 
and  the  photosynthetic  performance  of 
plants  in  situ;  kinetic  analyses  of  their 
photosynthetic  gas  exchange  characteris- 
tics; leaf  and  chloroplast  structure;  and 
the  biochemistry  and  photochemistry  of 
isolated  chloroplasts.  In  addition  to  the 
studies  on  plants  grown  in  their  natural 
habitats,  we  have  investigated  the  effect 
of  light  intensity  during  growth  on  over- 
all photosynthetic  capacity  and  on  sev- 
eral of  the  component  steps  of  photosyn- 
thesis in  one  genotype  of  a  sun  species 
grown  under  strictly  controlled  conditions 
in  the  Phytotron. 
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Our  results  show  that  higher  plants 
are  capable  of  net  photosynthesis  and 
sustained  growth  in  habitats  where  the 
daily  total  flux  of  light  quanta  on  a  clear 
day  is  as  low  as  0.5  percent  of  that  in  an 
open  habitat.  A  substantial  fraction  of 
this  light  is  contributed  by  sunflecks  of 
short  duration.  These  extreme  shade 
plants  convert  the  available  light  to 
chemical  energy  with  a  high  efficiency, 
and  the  carbon  loss  through  respiration 
is  extremely  low.  The  data  indicate  that, 
in  spite  of  the  high  efficiency  of  light 
utilization  by  these  plants,  light  is  the  sole 
component  of  the  physical  environment 
that  seriously  limits  photosynthesis  and 
productivity  on  the  rainforest  floor. 

Subsequent  laboratory  studies  clearly 
demonstrate  that  photosynthetic  adapta- 
tion to  different  light  climates  indeed 
involves  changes  in  a  number  of  compo- 
nent processes  of  photosynthesis — bio- 
physical, biochemical  and  photochemical 
— all  of  which  can  be  expected,  on  theo- 
retical grounds,  to  affect  the  ability  of  the 
plant  to  photosynthesize  effectively  in 
their  contrasting  native  environments. 
Plants  adapted  to  high  light  intensities 
were  found  to  have  a  greater  maximum 
conductance  to  gas  diffusion,  a  much 
higher  capacity  for  C02  fixation  at  the 
cellular  level,  and  a  similarly  greater 
photosynthetic  electron  transport  capa- 
city than  plants  adapted  to  low  light  in- 
tensities. The  light-saturated  rates  of 
partial  chloroplast  reactions  were  many 
times  greater  in  the  sun  than  in  the  shade 
plants  (on  the  basis  of  bulk  chlorophyll  or 
unit  leaf  area)  and  were  also  similar  to  the 
overall  rates  of  photosynthesis  measured 
on  the  intact  leaves.  The  greater  intrinsic 
capacity  of  C02  fixation  by  the  sun  plants 
was  related  to  a  higher  level  of  the  car- 
boxylation  enzyme,  carboxydismutase. 
The  faster  rates  of  electron  flow  in  iso- 
lated chloroplasts  were  related  to  a 
greater  content  of  several  carriers  of  the 
photosynthetic  electron  transport  chain, 
such  as  cytochrome  /,  cytochrome  b6,  and 
cytochrome  b-559,  as  well  as  "P,"  which  is 


a  carrier  close  to  photosystem  2  and  be- 
lieved to  be  a  plastoquinone. 

The  sun  plants  were  also  found  to 
possess  considerably  fewer  grana  and 
chlorophyll  per  unit  chloroplast  volume, 
indicating  that  the  number  of  light- 
harvesting  chlorophyll  molecules  relative 
to  the  content  of  photosynthetic  enzymes 
and  electron  carriers  is  smaller  than  in 
the  shade  plants.  The  differences  in  the 
rates  of  electron  transport  at  light  satura- 
tion cannot,  however,  be  explained  simply 
in  terms  of  a  generally  increased  photo- 
synthetic unit  size  in  the  shade  plants  be- 
cause the  ratio  of  chlorophyll  to  certain 
components  of  the  electron  transport 
chain  that  are  considered  to  serve  as 
photosynthetic  reaction  centers  (P700) 
or  are  closely  associated  with  a  reaction 
center  ("Q,"  the  quencher  of  fluorescence 
from  photosystem  2)  are  not  markedly 
different  between  the  two  kinds  of  plants. 

Comparative  experiments  on  photo- 
inhibition  of  electron  transport  in  isolated 
chloroplasts  by  intense  light  provide  fur- 
ther support  to  the  view  that  the  number 
of  light-harvesting  chlorophyll  molecules 
per  reaction  center  is  similar  in  the  sun 
and  the  shade  plants.  Other  investigators 
have  shown  that  photoinhibition  is 
caused  by  an  inactivation  of  the  reaction 
centers  as  a  result  of  an  excess  of  excita- 
tion energy  being  transferred  to  them. 
For  any  given  light  intensity  the  excita- 
tion energy  transferred  from  the  light- 
harvesting  system  to  its  reaction  cen- 
ter would  be  expected  to  be  greater  if  the 
number  of  light-harvesting  chlorophyll 
molecules  is  increased.  In  the  absence  of 
exogenous  electron  acceptors  (which 
would  divert  excitation  energy  from  the 
reaction  center)  chloroplasts  with  a  high 
number  of  chlorophyll  molecules  per  re- 
action center  should  therefore  be  more 
sensitive  to  photoinhibition  than  chloro- 
plasts with  a  low  ratio.  The  finding  that 
the  degree  of  inactivation  of  electron 
transport  by  intense  light  is  no  greater  in 
chloroplasts  from  shade  plants  than  in 
those  from  sun  plants  indicates  that  the 
shade  plants  do  not  have  a  greater  con- 
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tent  of  light-harvesting  pigment  per  reac- 
tion center. 

These  results  also  suggest  that  the 
greater  sensitivity  to  photoinhibition  by 
strong  light  found  with  intact  leaves  of 
shade  as  compared  with  those  of  sun 
plants  is  a  consequence  of  their  lower  ca- 
pacity for  light-saturated  photosynthesis 
rather  than  being  attributable  to  an  in- 
trinsically lower  resistance  to  photo- 
inhibition  of  the  chloroplasts.  A  high 
photosynthetic  capacity  at  high  light 
intensities  can  be  expected  to  divert  a 
greater  fraction  of  the  excitation  energy 
to  be  used  in  photosynthesis,  and  less 
excess  energy  would  thus  be  left  at  the 
reaction  center  to  cause  its  inactivation. 

Growing  the  sun  species  Atriplex  patula 
at  the  lowest  light  intensity  at  which  it  is 
capable  of  a  significant  growth  rate  re- 
sulted in  photosynthetic  characteristics 
similar  to  but  less  striking  than  those 
found  in  the  species  grown  in  the  extreme 
shade  on  the  rainforest  floor.  Neverthe- 
less, light  intensity  during  growth  of 
Atriplex  had  a  pronounced  influence  on  a 
number  of  characteristics  of  the  photo- 
synthetic apparatus,  including  stomatal 
frequency  and  conductance  to  gas  diffu- 
sion, leaf  and  chloroplast  structure, 
chlorophyll  and  protein  content,  activities 
of  photosynthetic  enzymes  and  photo- 
chemical reactions,  as  well  as  carriers  of 
the  electron  transport  chain.  Photosyn- 
thetic adaptation  to  light  intensity,  even 
in  a  single  genotype,  is  therefore  prob- 
ably not  achieved  by  changing  a  single 
limiting  step  alone  but  by  balanced 
changes  in  the  capacities  of  a  number  of 
potentially  limiting  reactions.  In  addi- 
tion to  inducing  these  modifications  of 
the  photosynthetic  apparatus,  light  in- 
tensity during  growth  strikingly  affected 
the  vascular  system  and  the  growth  habit 
of  the  plant.  With  increasing  light  inten- 
sity the  transport  capacity  of  the  vascu- 
lar system  increased  considerably,  thus 
enabling  it  to  support  the  increased  water 
demand  which  resulted  from  a  higher 
conductance  in  the  C02  and  water  vapor 
pathway. 


The  regulatory  mechanisms  underlying 
this  remarkable  ability  of  plants  to  adjust 
simultaneously  a  number  of  diverse  char- 
acteristics at  widely  different  levels  of 
organization  in  an  adaptive  manner,  in 
response  to  a  quantitative  change  in  light 
intensity  alone,  are  unknown  and  remain 
important  and  challenging  problems  in 
the  field  of  developmental  plant  biology. 

Many  individuals  have  made  the  real- 
ization of  these  studies  possible  and  I 
gratefully  acknowledge  all  their  help. 
Dr.  L.  T.  Evans,  Chief  of  the  CSIRO 
Division  of  Plant  Industry,  Dr.  I.  F. 
Wardlaw,  and  Mr.  R.  L.  Dunstone  of  the 
CSIRO  Controlled  Environment  Lab- 
oratory made  the  Phytotron  facilities 
available.  Professor  R.  0.  Slatyer,  Head 
of  the  Department  of  Environmental 
Biology,  Australian  National  University, 
generously  made  his  research  group's  ex- 
cellently equipped  mobile  laboratory 
available;  and  the  Chief  of  the  CSIRO 
Division  of  Tropical  Pastures  provided 
additional  facilities  for  the  studies  in  the 
rainforest.  Superb  assistance  during  these 
field  studies  was  provided  by  Ms.  Penelope 
Morison  and  Mr.  C.  F.  Vaskess  of  the  same 
Department.  Dr.  Margaret  C.  Anderson 
of  the  CSIRO  Division  of  Environmental 
Mechanics,  Canberra,  provided  expert 
advice  on  and  valuable  instrumentation 
for  measurements  of  the  light  climate  be- 
low forest  canopies.  Dr.  L.  T.  Webb  of 
the  CSIRO  Rainforest  Ecology  Section, 
Brisbane,  gave  valuable  information  on 
the  ecology  of  Queensland  rainforests, 
and  Mr.  J.  G.  Tracey  of  the  same  Section 
identified  a  number  of  rainforest  species. 
The  cooperation  of  the  National  Parks 
Section  of  the  Forestry  Department  of 
Queensland  is  also  gratefully  acknowl- 
edged. 

Characterization  of  the  Light 
Climate  on  the  Floor  of  a 

Queensland  Rainforest 
O.  Bjdrkman  and  M.  M.  Ludlow  * 

Floors  of  "closed  canopy"  forests,  par- 
ticularly evergreen,  nonconiferous  rain- 

*  Division  of  Tropical  Pastures,  CSIRO,  Bris- 
bane. 
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forests,  probably  constitute  the  lower 
limit  of  available  light  at  which  higher 
plants  are  able  to  carry  out  sufficient 
photosynthesis  for  growth  and  survival. 
In  spite  of  considerable  interest  in  the 
ecology  of  tropical  rainforests,  adequate 


measurements  of  the  light  climate  on 
rainforest  floors  are  scarce.  Undoubtedly, 
this  is  largely  due  to  the  considerable 
difficulties  encountered  in  such  measure- 
ments, primarily  because  there  exist  great 
variations  under  forest  canopies  in  the 


Fig.  1.   Hemispherical  photographs  taken  from  Site  1  on  the  rainforest  floor  (A)  and  from  an 
adjacent  Eucalyptus  forest  (B). 
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intensity  of  light  in  time  and  space  and 
also  in  spectral  composition. 

M.  C.  Anderson  (1970)  has  recently  re- 
viewed available  information  on  the  light 
climate  in  forests  and  methods  for  its 
measurement.  Evans  (1966)  has  sum- 
marized his  measurements  of  light  pat- 


terns on  the  floor  of  tropical  forests  in 
Nigeria  and  Singapore.  The  most  exten- 
sive measurements  of  the  light  climate  in 
a  tropical  rainforest  to  date  were  con- 
ducted by  participants  in  the  U.S.  Atomic 
Energy  Commission's  Rainforest  Project 
at  El  Verde,  Puerto  Rico  (Odum,  1970) . 
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The  primary  objective  of  the  present 
studies  was  to  characterize  the  light  cli- 
mate in  the  most  shaded  sites  occupied  by 
the  rainforest  species  that  were  used  in 
our  studies  of  photosynthetic  adaptation 
to  light.  The  photosynthetic  performance 
of  these  plants  in  their  native  habitat  was 
investigated  concurrently  with  measure- 
ments of  the  light  climate. 

The  present  studies  were  carried  out  in 
an  extensive  virgin  rainforest  in  Laming- 
ton  National  Park,  Queensland.  This 
forest  can  be  considered  to  be  an  exten- 
sion of  the  Indo-Malesian  tropical  rain- 
forest into  the  subtropics.  It  has  much  in 
common,  both  floristically  and  structur- 
ally, with  the  tropical  rainforests  in 
Borneo  or  New  Guinea  though  the 
species  diversity  is  less  and  there  is  some 
intermingling  of  more  temperate  species 
(L.  T.  Webb,  personal  communication). 
Although  there  are  some  emergent  conif- 
erous trees  of  the  genera  Araucaria  and 
Agathis,  the  tree  flora  consists  predomi- 
nantly of  dicotyledonous  tropical  ever- 
green hardwood  species  of  great  taxo- 
nomic  diversity  with  no  dominant  species. 
The  herbaceous  vegetation  on  the  forest 
floor  consists  mainly  of  several  species  of 
ferns  and  angiosperms  of  the  Araceae, 
Liliaceae,  Zingiberaceae  and  Xanthor- 
rhoeaceae.  The  species  chosen  for  the 
present  investigations  are  Alocasia 
macrorrhiza  (L.)  G.  Don  [Araceae]  and 
Cordyline  rubra  Hueg.  ex  Kunth  [Lili- 
aceae]. They  were  selected  as  experi- 
mental material  not  only  because  they  are 
common  in  deeply  shaded  sites  on  the 
forest  floor  but  also  because  their  leaves 
are  suitable  for  measurements  of  photo- 
synthetic gas  exchange  and  have  an 
essentially  horizontal  orientation  which 
facilitates  the  assessments  of  the  radiant 
energy  received.  Moreover,  preliminary 
studies  showed  that  the  leaves  do  not  con- 
tain constituents  that  act  as  protein  pre- 
cipitants  or  inhibitors  of  photochemical 
activities  in  isolated  chloroplasts. 

The  present  study  site  was  located  at 
28°  15'  S  latitude,  153°  15'  E  longitude 


and  an  altitude  of  about  700  m,  on  an  8° 
slope  facing  NE.  The  selection  of  the 
experimental  plant  sites  was  aided  by 
preliminary  estimates  of  the  vertical  gap 
frequency  of  the  canopy  in  a  number  of 
sites  in  the  rainforest,  using  a  single-lens 
reflex  camera  fitted  with  a  fish-eye  lens. 
Subsequent  evaluations  of  hemispherical 
photographs,  using  a  "spider's  web"  grid 
overlay  (Anderson,  1971),  confirmed  that 
the  sites  chosen  for  the  studies  are  indeed 
representative  of  the  most  extreme  shade 
habitats  occupied  by  Alocasia,  Cordyline, 
and  other  vascular  shade  plants.  Figure 
1  shows  an  example  of  such  hemispherical 
photographs  taken  from  the  center  of  the 
Alocasia  plant,  used  for  the  photosyn- 
thesis measurements  reported  in  the  fol- 
lowing article.  A  photograph  taken  from 
the  floor  of  a  more  open  Eucalyptus  forest 
is  included  for  comparison.  The  vertical 
gap  frequency  in  Site  1  {Alocasia)  was 
estimated  to  be  1.5  percent.  Correspond- 
ing gap  frequencies  for  Site  2  (Cordyline) 
and  Site  3  (Lomandra  longifolia,  Labill. 
[Xanthorrhoeaceae] )  were  1.3  and  1.6 
percent,  respectively.  All  direct  measure- 
ments of  the  light  climate  and  photosyn- 
thetic gas  exchange  characteristics  in  the 
field  were  carried  out  during  the  period  of 
March  22  to  April  5,  1972,  using  the 
mobile  laboratory  of  the  Department  of 
Environmental  Biology,  Australian  Na- 
tional University.  The  general  design  is 
similar  to  that  described  by  Mooney 
et  al.  (1971)  but  employs  a  Siemens  sys- 
tem for  gas  exchange  measurements,  and 
the  signals  from  all  sensors  are  fed  into  a 
Hewlett-Packard  data  acquisition  system 
with  digital  as  well  as  analogue  display. 

Total  radiation  in  the  waveband 
300-2400  nra  was  continuously  recorded 
at  the  three  experimental  sites  on  the 
forest  floor,  using  Moll-Gorczynski  type 
pyranometers  (Solar  Radiation  Instru- 
ments, Melbourne) .  The  radiation  in  the 
waveband  >  700  nm  was  measured  with 
an  Eppley  Spectral  Pyranometer  and  the 
quantum  flux  in  the  waveband  400-700 
nm,  incident  on  the  leaves,  with  an  instru- 
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ment  specifically  designed  for  this  pur- 
pose by  Biggs  et  al.  (1971)  and  manu- 
factured by  Lambda  Instruments,  Ne- 
braska. The  latter  instrument  utilizes  a 
very  small  sensor  (ca.  8  mm  diameter) 
which  makes  it  possible  to  record  the  time 
course  of  the  intensity  of  small  sunflecks. 
The  spectral  composition  of  the  radiation 
on  the  forest  floor  was  measured  with  a 
specially  constructed  device  employing  a 
silicon  solar  cell  in  conjunction  with  a 
number  of  interference  filters  and  a 
potentiometric  recorder.  The  spectral  re- 
sponse of  this  combination  was  calibrated 
against  a  standard  lamp.  The  time  course 
and  daily  totals  of  the  radiation  above 
the  forest  canopy  were  continuously  re- 
corded on  an  open  hill  about  4  km  from 
the  rainforest  site  and  150  m  above  it. 
The  signals  from  the  various  light  sensors 
were  displayed  on  analogue  recorders  and 
were  also  integrated  over  daily,  hourly, 
or  shorter  intervals  using  Fernsteuer- 
gerate  D.  C.  motor  integrators. 

Figures  2  and  3  give  examples  of  the 
diurnal  time  course  of  radiant  energy 
and  quantum  fluxes  at  Site  1  on  the  forest 
floor  and  above  the  forest  canopy  for  two 
days  with  greatly  different  radiation 
totals.  The  data  presented  in  Fig.  2  are 
for  an  almost  entirely  clear  day  (2148 
joule  cm"2  day"1),  while  the  data  shown 
in  Fig.  3  are  for  a  heavily  overcast  day 
with  a  cyclone  approaching;  the  total 
daily  radiation  above  the  canopy  during 
the  overcast  day  (504  joule  cm"2  day-1) 
was  the  lowest  recorded  during  the  period 
of  our  measurements.  The  average  daily 
radiation  during  the  year  for  Brisbane 
(27°  28'  S,  153°  02'  E),  the  closest  sta- 
tion for  which  long-term  records  are 
available,  is  1830  joule  cm"2  day"1.  The 
data  for  rainforest  Sites  2  and  3  (not 
shown)  are  almost  identical  to  those  for 
Site  1. 

As  shown  in  Fig.  2B  the  daily  course  of 
diffuse  radiation  (i.e.,  total  radiation 
minus  direct  radiation  contributed  by 
sunflecks)  in  the  range  300-2400  nm 
closely  follows  that  of  the  radiation  above 


the  canopy,  reaching  its  peak  at  noon; 
the  average  diffuse  radiation  on  the 
forest  floor  was  2.2%  of  the  radiation 
above  the  canopy  (Fig.  2A).  The  three 
major  bursts  of  a  series  of  sunflecks  which 
occurred  during  the  day  (readily  pre- 
dicted from  hemispherical  photographs  on 
which  solar  tracks  had  been  superim- 
posed) contributed  a  daily  direct  radia- 
tion of  5.6  joules  cm"2,  giving  a  total  of 
53.2  joule  cm"2,  or  2.5%  of  the  daily 
radiation  above  the  canopy. 

Very  different  results  were  obtained 
when  quantum  fluxes  in  the  waveband, 
which  can  be  utilized  for  photosynthesis 
rather  than  total  energy  flux,  are  consid- 
ered. The  diffuse  component  of  the  radia- 
tion on  a  clear  day  (Fig.  2D)  remains  a 
constant  fraction  of  the  radiation  above 
the  canopy  throughout  the  day,  as  is  also 
the  case  in  Fig.  2B ;  but  the  quantum  flux 
was  only  0.15%  of  that  above  the  canopy, 
whereas  the  energy  flux  was  2.2%.  The 
daily  contribution  by  sunflecks  in  terms 
of  quanta  (Fig.  2C)  was  14.9  //.einsteins 
cm"2,  or  almost  two-thirds  of  the  total, 
whereas  the  sunflecks  contributed  only 
one-tenth  of  the  total  daily  energy  on 
the  forest  floor. 

The  great  discrepancy  between  the 
quantum  and  the  energy  fluxes  on  the 
forest  floor  in  relation  to  the  fluxes  above 
the  canopy  is  clearly  attributable  to  the 
well-known  fact  that  much  of  the  radia- 
tion reaching  the  forest  floor  has  been 
filtered  through  several  leaf  layers  and 
consequently  is  greatly  depleted  of  those 
wavelengths  that  can  be  used  by  the 
leaves  (Fig.  4).  The  same  explanation 
obviously  applies  to  the  observed  differ- 
ences in  the  relative  contribution  of  sun- 
flecks to  the  total  daily  radiation  when 
the  radiation  is  expressed  as  energy  flux, 
and  when  it  is  expressed  as  quantum  flux. 
We  estimate  that  less  than  7%  of  the 
total  diffuse  energy  on  the  forest  floor  was 
in  the  waveband  300-700  nm  and  at  least 
85%  was  in  the  waveband  700-950  nm. 
Leaves  are  very  poor  absorbers  in  the  lat- 
ter waveband;  consequently,  the  bulk  of 
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Fig.  2.  Energy  and  quantum  fluxes  above  the  rainforest  canopy  and  on  the  forest  floor  at  Site  1 
on  a  clear  day  (March  31,  1972). 
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Fig.  3.  Energy  and  quantum  fluxes  above  the  rainforest  canopy  and  on  the  forest  floor  at  Site  1 
on  an  overcast  day  (April  2). 


the  diffuse  radiation  on  the  forest  floor 
is  of  little  use  to  the  plant,  not  only  be- 
cause quanta  of  wavelengths  beyond  700 
nm  cannot  be  used  in  photosynthesis,  but 
also  because  the  radiation  in  the  wave- 
band 700-950  nm,  being  poorly  absorbed, 
contributes  very  little  to  the  total  net 
energy  gain  of  the  plant.  Measurements 
of  energy  fluxes  under  dense  forest  cano- 
pies, using  nonselective  sensors  such  as 
unfiltered  pyranometers  do  not,  there- 
fore, provide  adequate  information  on 
the  radiant  energy  available  to  plants. 

Owing  to  the  large  area  of  pyranometer 
sensing  elements  in  relation  to  the  usual 


size  of  sunflecks,  they  have  the  additional 
disadvantage  that  considerable  spatial 
averaging  occurs,  resulting  in  underesti- 
mation of  the  peak  intensity  to  which 
individual  cells  or  groups  of  cells  in  the 
leaf  are  exposed  and  to  overestimation  of 
the  duration  of  the  exposure  to  bright 
light.  This  causes  difficulties  in  assessing 
the  contribution  of  sunflecks  to  photosyn- 
thesis, since  the  quantum  efficiency  of 
this  process  decreases  at  high  light  inten- 
sities. Spatial  averaging  can  be  mini- 
mized by  using  small  sensors  such  as  that 
used  in  the  Lambda  quantum  meter 
probe.  The  data  presented  in  Fig.  2C,  ob- 
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Fig.  4.  Spectral  distribution  of  diffuse  radiant 
energy  at  Site  1  on  the  rainforest  floor  and 
fractional  absorption  (absorptance)  spectrum  of 
an  Alocasia  leaf. 


tained  with  this  sensor,  show  that  sun- 
flecks  momentarily  reached  intensities 
(quantum  flux  densities)  of  up  to  35 
nanoeinsteins  cm"2  sec"1,  i.e.,  150  times 
greater  than  in  the  shade,  or  one-fifth  of 
the  intensity  above  the  canopy.  Individ- 
ual sunflecks  usually  remained  on  the 
sensor  for  less  than  two  minutes  and 
showed  great  intensity  variations  during 
this  time.  This  is  exemplified  in  Fig.  5, 
which  shows  a  recorder  tracing  of  a  sun- 
fleck  of  relatively  low  intensity. 


Time 


Fig.  5.  Time  course  of  the  intensity  of  a  sun- 
fleck  at  Site  1. 


As  expected,  the  daily  total  radiation 
on  the  forest  floor  was  lower  on  days 
when  the  sky  was  heavily  overcast  than 
on  clear  days.  The  daily  energy  flux  in 
the  waveband  300-2400  nm  was  approxi- 
mately proportional  to  the  energy  flux 
above  the  canopy  regardless  of  weather 
conditions.  The  energy  flux  on  the  forest 
floor  on  a  heavily  overcast  day  (Fig.  3) 
was  16.0  joule  cm"2,  or  3.0%  of  the  flux 
above  the  canopy,  compared  to  53.2  joule 
cm"2  or  2.5%  on  a  clear  day.  The  differ- 
ence in  absolute  daily  quantum  flux  on 
the  floor  between  the  overcast  and  clear 
days  was,  however,  smaller;  these  fluxes 
were  14.9  and  24.2  /xeinsteins  cm"2,  re- 
spectively. Thus,  a  greater  fraction  of 
quantum  flux  above  the  canopy  reached 
the  ground  on  overcast  days  (1.1%)  than 
on  clear  days  (0.41%).  This  is  probably 
due  to  the  much  more  uniform  distribu- 
tion of  light  across  an  overcast  sky,  re- 
sulting in  a  light  penetration  through 
gaps  in  the  canopy  which  is  proportional 
to  the  vertical  gap  frequency.  The  rea- 
sonably good  agreement  obtained  be- 
tween direct  measurements  of  quantum 
flux  and  gap  frequencies,  estimated  from 
hemispherical  photographs,  supports  this 
postulate. 

The  time  course  for  energy  flux  in  the 
waveband  300-2400  nm  (Fig.  3B)  and 
that  for  quantum  flux  in  the  waveband 
400-700  nm  (Fig.  3C)  are  quite  similar, 
and  the  ratio  between  the  two  fluxes 
(0.93  ^einstein  per  joule)  is  greater  on  the 
overcast  day  than  that  for  diffuse  radia- 
tion on  the  clear  day  (0.19  /xeinstein  per 
joule) .  Nevertheless,  the  first  ratio  is  still 
considerably  smaller  than  that  for  the 
radiation  above  the  canopy  (2.72  /xein- 
steins  per  joule),  indicating  that  a  sub- 
stantial fraction  of  the  energy  on  the 
forest  floor  is  contributed  by  radiation 
that  had  been  filtered  through  the  leaves 
even  on  overcast  days.  Total  energy 
measurements  on  clear  days  overestimate 
the  amount  of  photosynthetically  active 
light  on  the  forest  floor  in  relation  to 
that  in  the  open  by  as  much  as  15-fold; 


DEPARTMENT     OP     PLANT     BIOLOGY 


93 


3 

<y 


p-i 


o 


rt 


« 


g    03 


w 


^ 


o3   H   O   fc! 

3  s 


—  * 

TJH    lO 

:3  o 

o  «o 

lO  CO 

^S 

-3    o3 


>> 

>>>>>? 

o3 

c5     TO     TO 

T    T3 

I       I       I      T)  T3  T3 

£>r 

5?  &  &?   T   T 

-^>  +3 

■+^> 

■p 

+3 

+3 

o3   1 
^    2 

^     CQ     Cj     1         ! 

TJTJT3    SSS 

3    3 
03     03 

3 

03 

3 
03 

3 
03 

3 
03 

«          O 

C*         N         W           O        O        C 

o   o 

o 

U 

U 

« 

| 

1             1             1 

in   «-> 

f-C 

!h 

tn 

(h 

s-i 

a  2  2  .9  .2  .2 

Oh    Oh 

a) 

a 

03 

03 

03 

a 

o   03 

O     O     O     03     03     03 

-^ 

-u  +=  -l-= 

03   5 

03     03     a)     ra     t*3     m 

"3  3 

*2  *a  "3  o  fl  o 

3  -5 

3    3    3  -3  .3  .3 

o   g 

o  o  o  ^  ®  2 

o  o 

CO   i-H 

00  o 


cN  O 
CO  rt* 


oo  o 
—i  oo 


*§R 

2    I     I 
g  O  o 

a  o  o 
O  co  ■* 


O    03    03 

I  §  J 
sis 

•<s>    >    P*- 

III 

g  .3  .3 


"S3    0)    03 

e  b  3 

as  HO" 


in  to  ©  co  oi  m 

CO    lO    |>    TjH    Tji    oi 


yf 


o3 


«    S    03       fe,    g 


M 


«H     CO 


Www 

03     03   O     03     ® 


O    HI 

3  S 

CO     -Q 

!  _03    03 

III 


S3 


■2  -°  +3  lS  -° 


-g     03     S 


2  c 
P,  o 


|  -^>  -^> 

1    3  3 

03  03 

,    3  3 

!    O  O 

a  a 
8  6  2 

,    o    o 

iOO 


^22 

Boo 


G5H 


O" 


S.8 


ft^-ff       5^ 


§i«     .gc^ 


OS 


03  O  CM  O  O  O 


3 

.2 

o3 

-3 

C3 


3  5  c 


_^ 


(N  « 


03     03 


i    3  *3 

I    co  ^3 

!  T3  T3 

I    03  03 

i  -g  +J 

||5 

!  2  « 

9  o 


O     03     03 

F-«   2 

OS* 
^  ^^ 
hC  -" 
03     03     03 

bC  ' 

3 


3  S  g^  3  § 


2  c 

Q  o 


1   g   S- 
■s  S  °  > 

-^>  <u  e  s-h 


3    3 

03  03 
3  3 
O    O 

a  a 
;2  2 

O    O 

OO 


3  3 

03  03 

3  3 

O  O 

a  a 
2  2 

2    O    O 

goo 


o3 


O 


94 


CARNEGIE     INSTITUTION 


on  overcast  days  such  measurements  give 
a  3-fold  overestimation. 

A  summary  of  the  daily  radiation 
values  obtained  during  the  period  of  our 
measurements  is  given  in  Table  1.  The 
quantum  fluxes  reaching  the  leaves  on  the 
forest  floor  during  the  period  of  March  23 
to  April  3,  1972,  varied  from  a  maximum 
of  24.2  /xeinsteins  cm"2  day"1  (of  which 
14.9  /xeinsteins  cm"2  day"1  was  contributed 
by  sunflecks)  to  a  minimum  of  14.9 
/xeinsteins  cm"2  day"1.  The  average  value 
for  the  whole  period  was  21.0  /xeinsteins 
cm"2  day"1,  or  0.48%  of  the  quantum  flux 
above  the  canopy.  Estimates  based  on 
long-term  daily  averages  for  insolation 
at  Brisbane  and  the  relationship  between 
daily  quantum  flux  on  the  forest  floor 
and  radiation  above  the  canopy  yield  a 
yearly  average  of  22  /xeinsteins  cm"2  day"1 
reaching  the  rainforest  floor  as  compared 
with  5010  /xeinsteins  cm"2  day"1  above  the 
canopy. 

Owing  to  important  differences  in  the 
techniques  and  procedures  used,  direct 
comparisons  with  values  obtained  in  pre- 
vious studies  of  the  light  climate  in  ex- 
treme shade  habitats  are  difficult.  It 
would  appear,  however,  that  the  values 
for  photosynthetically  active  radiation 
obtained  in  the  present  studies  for  sites 
occupied  by  Alocasia  macrorrhiza,  Cor- 
dyline  rubra,  and  Lomandra  longifolia 
are  at  least  as  low  as  those  measured  in 
any  habitat  occupied  by  autotrophic 
higher  plants. 
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Photosynthetic  Performance  of  Two 

Rainforest  Species  in  Their  Native 

Habitat  and  Analysis  of  Their 

Gas  Exchange 

O.  Bjorkman,  M.  M.  Ludlow,1  and 
P.  A.  Morrow2 

As  was  reported  in  the  preceding  article, 
the  photosynthetically  active  radiation  in- 
cident on  the  leaves  of  Alocasia  macror- 
rhiza and  Cordyline  rubra  in  extreme 
shade  habitats  on  the  floor  of  a  rainforest 
in  Lamington  National  Park,  Queens- 
land, is  remarkably  low.  The  average 
daily  radiation  in  the  waveband  400-700 
nm  in  these  habitats  was  about  22  /xein- 
steins cm"2  compared  with  about  5000 
/xeinsteins  cm"2  above  the  forest  canopy; 
this  is  probably  very  near  the  limit  of 
light  at  which  higher  plants  occur.  These 
extreme  shade  plants  therefore  provide 
experimental  material  excellently  suited 
for  studies  of  photosynthetic  adaptation 
to  low  light  intensities. 

In  the  present  studies  the  response  of 
photosynthetic  gas  exchange  of  Alocasia 
and  Cordyline  to  the  natural  variation  in 
light  and  temperature  was  determined  in 
their  native  habitats  on  the  rainforest 
floor.  These  measurements  provide  infor- 
mation on  the  daily  course  of  C02  and 
water  vapor  exchange  and  also  on  the 
efficiency  with  which  light  quanta  are 
utilized  in  photosynthesis  under  natural 
conditions.  These  measurements  were 
followed  by  determinations  of  photosyn- 
thetic responses  in  situ  to  controlled  vari- 
ations in  each  single  factor  (light,  tem- 
perature, and  COo  concentration)  which 

1  Division  of  Tropical  Pastures,  CSIRO,  Bris- 
bane. 

2  Department  of  Environmental  Biology, 
ANU,  Canberra. 
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has  a  direct  and  immediate  effect  on 
photosynthetic  rate.  Such  kinetic  analy- 
sis of  CO2  and  water  vapor  exchange 
permits  an  assessment  of  the  extent  to 
which  photosynthesis  is  limited  in  the 
native  habitat  by  each  of  these  environ- 
mental factors.  It  also  makes  it  possible 
to  determine  the  photosynthetic  charac- 
teristics of  the  plant  and  the  extent  to 
which  its  photosynthetic  rate  is  limited 
by  restrictions  to  C02  diffusion  imposed 
by  the  stomata  and  the  extent  to  which  it 
is  limited  by  the  intrinsic  photosynthetic 
capacity  at  the  cellular  level. 

Methods.  All  measurements  of  photo- 
synthetic gas  exchange  were  made  on  the 
individual  plant  occupying  the  sites  used 
for  the  light  measurements  described  in 
the  preceding  article.  Brief  descriptions 
of  the  habitat,  species,  and  mobile  labor- 
atory are  also  given  in  that  article.  Simul- 
taneous measurements  of  carbon  dioxide 
and  water  vapor  exchange  were  made 
with  an  open  system  incorporating  a 
ventilated,  controlled-environment  leaf 
chamber  (Siemens) ,  an  infrared  carbon 
dioxide  analyzer  (Hartmann  and  Braun) , 
and  a  dew-point  hygrometer  (Cam- 
bridge). These  and  all  other  measuring, 
recording,  and  controlling  devices,  with 
the  exception  of  the  leaf  chamber  and  the 
light  and  temperature  sensors,  were  con- 
tained in  the  mobile  laboratory  unit.  The 
two  5-kW  generators  that  supplied  elec- 
tric power  were  mounted  on  a  trailer  and 
were  kept  about  100  meters  from  the 
experimental  sites  to  avoid  contamination 
of  the  air. 

An  air  stream  of  known  C02  concen- 
tration was  procured  from  C02-free  air 
and  pure  CO2  with  gas-mixing  pumps 
(Wosthoff).  These  pumps  were  also  used 
for  calibration  of  the  C02  analyzer.  Be- 
fore entering  the  leaf  chamber  the  air 
stream  was  saturated  with  water  vapor 
and  subsequently  dehumidified  to  the  de- 
sired dew  point,  using  a  double-coil 
water-jacketed  condenser  that  was  kept 
at  the  dew  point  temperature. 

In  order  to  determine  the  daily  course 
of   C02    and   water   vapor   exchange,    a 


single  leaf  (Alocasia)  or  three  individual 
leaves  (Cordyline)  were  enclosed  in  the 
Siemens  chamber  and  held  flat  in  a  hori- 
zontal position  with  a  network  of  fine 
nylon  strings.  The  total  leaf  area  of  the 
enclosed  leaves  was  approximately  250 
cm2.  A  quantum  sensor  (Lambda)  was 
positioned  in  the  center  of  the  chamber. 
Thermocouples  were  attached  to  the 
lower  surface  of  this  leaf  as  well  as  to  a 
leaf  outside  the  chamber.  The  tempera- 
ture of  the  inside  leaf  was  automatically 
adjusted  so  that  it  was  identical  to  that 
of  the  outside  leaf  at  all  times.  The  dew 
point  of  the  air  entering  the  leaf  cham- 
ber was  kept  in  the  range  80  to  90% 
relative  humidity.  The  C02  concentra- 
tion of  the  entering  air  was  usually  kept 
constant  at  360  ppm,  giving  a  C02  con- 
centration in  the  chamber  within  the 
range  of  320  to  363  ppm.  The  C02  ana- 
lyzer sensitivity  was  set  to  50  ppm  differ- 
ential for  full-scale  deflection  of  the  in- 
strument. 

Diurnal  photosynthetic  performance. 
The  relative  humidity  and  CO2  concen- 
tration range  used  in  these  measurements 
closely  simulated  the  conditions  prevail- 
ing in  the  experimental  sites.  Both  hu- 
midity and  C02  concentration  varied 
surprisingly  little  on  the  forest  floor. 
Typical  24-hour  records  for  these  two 
parameters  during  a  clear  day  at  plant 
height  at  Site  1  are  shown  in  Fig.  6.  The 
relative  humidity  stayed  above  90% 
during  the  greater  part  of  the  day  and 
reached  a  minimum  of  80%  in  the  after- 
noon. The  average  CO2  concentration 
was  about  360  ppm  with  a  minimum  of 
330  ppm  and  a  maximum  of  390  ppm; 
surprisingly,  no  diurnal  trend  was  appar- 
ent. Although  the  CO2  concentration  on 
the  forest  floor  was  somewhat  higher  than 
usually  recorded  in  open  locations,  the 
present  data  definitely  give  no  support 
to  the  old  idea  that  the  air  on  rainforest 
floors  is  greatly  enriched  in  C02  which 
would  "compensate"  for  the  low  light 
levels  in  such  habitats. 

Figure  7  shows  the  diurnal  course  of  the 
rate  of  C02  exchange   (B)    and  of  the 
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Fig.  6.  Daily  course  of  C02  concentration  and  relative  humidity  at  Site  1  on  the  rainforest  floor. 


stomatal  conductance  (C)  for  an  Alocasia 
macrorrhiza  leaf  on  a  clear  day  (March 
31).  The  quantum  flux  incident  on  the 
leaf  is  also  shown  (Fig.  7A).  Due  to  the 
large  area  of  the  leaf  relative  to  that  of 
the  sunflecks  and  also  the  large  leaf 
chamber  volume,  the  system  integrated 
the  rate  of  gas  exchange  over  considerable 
periods.  To  facilitate  comparisons  be- 
tween the  daily  courses  of  light  and  CO2 
exchange,  the  quantum  fluxes  shown  in 
Fig.  7A  have  been  integrated  over  10- 
minute  intervals.  Instantaneous  fluxes 
reaching  the  light  sensor  at  the  center  of 
the  leaf  are  shown  in  Figs.  2C  and  D. 

In  spite  of  the  extremely  low  quantum 
fluxes  when  sunflecks  are  absent,  the  leaf 
fixed  COo  at  a  low  but  positive  rate  for 
10  of  the  11  hours  of  daylight.  The  light 
compensation  point  for  C02  exchange  in 
natural  shade  light  was  extremely  low 
(0.05-0.20  nanoeinstein  cm"2  sec"1).  By 
contrast,  light  compensation  of  species 
grown  in  open  sunny  habitats  usually  oc- 
curs at  quantum  fluxes  that  are  on  the 
order  of  50  times  greater.  The  very  low 
light  compensation  points  of  these  shade 
plants  is  probably  largely  attributable  to 
their  extremely  low  rates  of  respiratory 
CO2  release. 

The  diurnal  course  of  C02  uptake 
closely  followed  that  of  light,  with  the 
peak  rates  of  C02  uptake  occurring  when 
the  leaf  was  hit  by  relatively  bright  sun- 
flecks. Thus,  there  is  no  doubt  that  sun- 
flecks make  an  important  contribution  to 
the  total  amount  of  daily  photosynthesis. 

Stomatal  conductance  (Fig.  7C)  was 
very  low  in  the  early  morning  and  in  the 


evening,  indicating  that  the  stomata  were 
closed.  Its  diurnal  course  was  similar  to 
that  of  light  and  C02  uptake,  suggesting 
that  the  stomatal  aperture  is  closely  gov- 
erned by  light  intensity  at  all  times.  Very 
similar  results  were  obtained  with  Cor- 
dyline  rubra  (not  shown). 

The  rate  of  C02  uptake  was  positive 
for  most  of  the  day  even  when  the  sky 
was  heavily  overcast  (Fig.  8).  C02  up- 
take (B)  as  well  as  stomatal  conductance 
(C)  closely  followed  the  intensity  of  light 
(A)  throughout  the  day.  The  total 
amount  of  net  C02  fixation  during  the 
day  (obtained  from  the  integrated  area 
under  the  curve  in  Fig.  8B)  was  1.05 
/miole  C02  per  cm2  leaf  area,  while  the 
total  amount  of  light  quanta  received  by 
the  leaf  was  14.9  /xeinsteins  per  cm2  leaf 
area.  Thus,  the  leaf  utilized  incident 
light  quanta  for  net  C02  fixation  with  an 
efficiency  of  0.07  mole  C02  per  einstein. 
The  corresponding  net  conversion  of  in- 
cident light  energy  to  chemical  energy 
in  carbon  products  is  approximately  16%. 
This  is  close  to  the  maximum  efficiency 
obtained  in  short-term  C02  fixation  ex- 
periments with  any  photosynthetic  orga- 
nism, indicating  that  the  Alocasia  plant 
operated  at  maximum  quantum  efficiency 
during  the  entire  day. 

The  total  amount  of  C02  fixed  during 
a  clear  day  for  the  same  Alocasia  leaf  was 
1.24  pinole  per  cm2  leaf  area,  and  the 
total  amount  of  incident  light  quanta  was 
24.2  //.einsteins  per  cm2.  This  gives  a  daily 
average  efficiency  for  net  C02  fixation  of 
0.051  mole  C02  per  einstein.  Correspond- 
ing values  for  Cordyline  (also  on  a  clear 
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Fig.  7.  Daily  course  of  pRotosynthetic  rate  and  stomatal  conductance  of  an  Alocasia  leaf  in 
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day)  were  1.13  /mnole  C02  fixed  per  cm2 
for  a  total  of  25.2  ^einsteins  per  cm"2  and 
an  average  of  0.045  mole  C02  per  einstein. 
While  these  efficiencies  are  still  impres- 
sive, they  are  significantly  lower  than 
those  obtained  during  overcast  condi- 
tions, indicating  that  photosynthesis  was 
at  least  partly  light-saturated  during 
periods  of  relatively  bright  sunflecks. 

While  the  efficiency  of  light  conversion 
was  high,  the  average  rate  of  C02  fixa- 
tion, due  to  the  extremely  weak  light,  was 
very  low.  Estimates  for  Alocasia  show 
that  the  average  photosynthetic  produc- 
tivity, in  terms  of  dry  matter  produced 
per  total  dry  matter  contained  in  the 
plant,  would  be  only  on  the  order  of  2.5 
mg  g"1  day"1,  or  0.25%  per  day.  Corre- 
sponding values  for  Cordyline  are  2.1  mg 
g"1  day"1,  or  0.21%  per  day.  Respiratory 
loss  of  carbon  by  nonphotosynthetic  plant 
parts  has  not  been  accounted  for  in  these 
values.    One  can   surmise  that  it  is  of 
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paramount  importance  to  the  survival  of 
such  a  plant  that  it  operates  frugally  and 
invests  its  small  income  in  constituents  of 
the  photosynthetic  apparatus  that  will 
enable  it  to  gather  the  available  light  as 
effectively  as  possible  while  minimizing 
its  expenditure  on  constituents  that  might 
permit  high  photosynthetic  rates  at  high 
light  intensities.  The  very  high  ratio  of 
light-harvesting  pigment  to  chloroplast 
protein  in  these  plants  (this  Year  Book, 
p.  107)  and  the  very  high  ratio  of  grana 
to  stroma  (this  Year  Book,  Fig.  13)  pro- 
vide experimental  evidence  for  this  sup- 
position. 

Analysis  of  photosynthetic  gas  ex- 
change characteristics.  For  determina- 
tions of  the  dependence  of  photosynthesis 
rate  on  different  external  parameters, 
natural  light  was  excluded  and  the  leaf 
was  illuminated  with  light  from  a  color- 
improved  400W  Mercury  lamp  (Philips) . 
Light  intensity  was  varied  by  covering 
the  leaf  chamber  with  large  neutral 
optical-density  screens ;  leaf  temperature, 
by  changing  the  air  temperature  in  the 
leaf  chamber;  and  C02  concentration,  by 
changing  the  concentration  of  the  enter- 
ing air  stream. 

Dependence  on  light.  The  curves  for 
C02  uptake  as  a  function  of  light  inten- 
sity for  Alocasia  and  Cordyline  are  given 
in  Fig.  9.  Both  curves  are  corrected  to  a 
stomatal  conductance  value  (1/R*)  of 
0.20  cm  sec-1.  Light-saturated  rates  of 
photosynthesis  and  several  other  gas  ex- 
change characteristics  are  summarized  in 
Table  2,  where  data  for  Atriplex  patula, 
a  sun  species  grown  under  a  high  light 
intensity,  are  also  included  for  compari- 
son. The  two  shade  plants  have  very 
similar  light  response  curves  with  ex- 
tremely low  rates  of  dark  respiration  and 
light  compensation  points.  They  require 
less  than  10%  of  the  light  intensity  re- 
quired by  Atriplex  to  reach  one-half  of 
the  rates  at  light  saturation.  These  rates 
are  also  less  than  10%  of  the  Atriplex 
rate.  In  all  these  respects  they  are  com- 
parable to  other  shade  species  grown  in  a 
California    redwood    forest    (Bjorkman, 
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1968).  The  quantum  efficiency  on  the 
basis  of  incident  quanta  is  somewhat 
lower  than  was  obtained  with  natural 
light;  this,  however,  is  probably  attrib- 
utable to  the  presence  of  a  higher  propor- 
tion of  blue  light  in  the  Mercury  arc 
beam. 

In  spite  of  the  early  light  saturation  of 
photosynthesis  in  Alocasia  and  Cordyline, 
it  can  be  seen  that  with  the  exception  of 
a  few  minutes  on  clear  days,  the  flux  of 
light  quanta  in  the  natural  habitat  is  an 
order  of  magnitude  lower  than  that  re- 
quired for  light  saturation. 

Dependence  on  temperature.  The  tem- 
perature dependence  of  photosynthesis  in 
Alocasia  at  two  different  levels  of  light, 
one  rate  limiting  and  the  other  rate  satur- 
ating, is  shown  in  Fig.  10.  As  can  be  ex- 
pected, photosynthesis  in  rate-limiting 
light  is  almost  independent  of  tempera- 
ture over  the  range  of  variation  that  oc- 
curs in  this  mild  habitat  (see  Figs.  7D 
and  8D).  The  temperature  dependence 
of  light-saturated  photosynthesis  is  con- 
siderable below  18  °C  and  above  28  °C 
but  relatively  small  within  this  range. 
During  clear  days,  i.e.,  the  only  time 
when  sunflecks  and  hence  light  saturation 
of  photosynthesis  occurs,  it  is  likely  that 
the  leaf  temperature  will  be  within  this 
range.  Consequently,  it  is  highly  improb- 
able that  temperature  imposes  any  sig- 
nificant limitation  of  photosynthesis  in 
this  habitat. 
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Fig.  11.  Rate  of  C02  uptake  as  a  function  of 
C02  concentration  in  the  intercellular  spaces  at 
rate-saturating  (11.5  nanoeinsteins  cm"2  sec"1) 
and  rate-limiting  (1.9  nanoeinsteins  cm"2  sec"1) 
light  for  an  Alocasia  leaf. 

Dependence  on  C02  concentration.  As 
shown  in  Fig.  11  photosynthesis  in  Alo- 
casia at  a  light  level  of  1.9  nanoeinsteins 
cm"2  sec"1  (lower  curve)  is  virtually  CO2 
saturated  at  an  intercellular  space  CO2 
concentration  as  low  as  144  ppm.  This  is 
equal  to  an  external  CO2  concentration  of 
160  ppm  at  the  stomatal  conductance 
value  measured  at  this  light  intensity 
(0.18  cm  sec"1).  Since  the  concentration 
required  for  saturation  would  be  even 
lower  at  lower  light  levels,  it  is  obvious 
that  CO2  concentration  does  not  signifi- 
cantly limit  photosynthesis  at  any  time 
when  sunflecks  are  absent. 

However,  in  the  presence  of  bright  sun- 
flecks (which  remain  on  a  given  area  of 
the  leaf  for  periods  greater  than  several 
seconds),  light  saturation  would  occur, 
and  under  these  conditions  photosyn- 
thesis would  be  C02  dependent  (Fig.  11, 
upper  curve)  and  therefore  limited  by 
the  C02  concentrations  that  occur  in  this 
habitat. 

Stomatal  conductance  to  gas  diffusion. 
Under  conditions  in  which  photosynthesis 
is  CO2  dependent  it  will  inevitably  also 
become  partially  limited  by  conductance 
of  the  stomata  to  C02  diffusion.  In  sunny 
habitats  with  severe  water  stress  stomatal 
conductance  is  often  low  and  may  be  the 
main  limiting  factor  of  photosynthetic 
gas  exchange.  In  this  rainforest  habitat, 
however,  stomatal  conductance  imposes 
only  a  very  small  limitation  on  photo- 
synthetic  rate.    As  shown  in  Fig.  12  the 
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minimum  stomatal  conductance  below 
which  photosynthesis  becomes  depend- 
ent upon  it  decreases  with  decreasing 
light  intensity.  Since  at  all  light  inten- 
sities below  saturation  the  leaves  in- 
variably adjusted  their  stomatal  aperture 
so  that  the  conductance  was  well  above 
this  minimum,  photosynthesis  was  never 
limited  by  it  when  bright  sunflecks  were 
absent.  Even  during  periods  when  sun- 
flecks  occurred,  stomatal  conductance 
could  not  have  imposed  more  than  a 
small  restriction  on  the  rate  of  light- 
saturated  photosynthesis.  Stomatal  con- 
ductance values  of  the  plants  enclosed  in 
the  leaf  chamber  were  typically  greater 
than  0.2  cm  sec"1  during  most  of  the  day- 
light hours.  Determinations  of  stomatal 
conductance  values  for  several  other 
Alocasia  and  Cordyline  individuals  oc- 
cupying similar  sites,  using  a  diffusion 
porometer  (Morrow  and  Slatyer,  1971), 
also  yielded  high  conductance  values.  As 
shown  in  Fig.  12  (upper  curve)  a  further 
increase  in  stomatal  conductance  would 
result  in  only  a  small  increase  in  the 
light-saturated  photosynthesis  rate. 

It  follows  that  the  low  capacity  for 
light-saturated  photosynthesis  of  these 
shade  plants  cannot  be  attributed  to  re- 
strictions on  C02  diffusion  between  the 
external  air  and  the  intercellular  spaces 
but  must  be  a  result  of  a  low  intrinsic 


capacity  for  photosynthesis  at  the  cellu- 
lar level. 
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Chloroplast    Ultrastructure,   Leaf 
Anatomy,  and  Content  of  Chloro- 
phyll and  Soluble  Protein  in 
Rainforest  Species 

D.  J.  Goodchild*  O.  Bjorkman  and 
N.  A.  Pyliotis* 

Examination  of  chloroplast  ultrastruc- 
ture, pigment  and  protein  content,  and 
certain  leaf  anatomical  characteristics 
was  carried  out  on  Alocasia  macrorrhiza, 
Cordyline  rubra,  and  some  other  species, 
grown  in  their  extreme  shade  habitats  in 
Lamington  National  Park,  Queensland. 
Preceding  articles  characterized  the  light 
climate  and  the  photosynthetic  gas  ex- 
change characteristics  of  these  plants, 
and  the  following  article  reports  on  their 
photochemistry. 

Leaf  samples  were  taken  in  the  natural 
habitats  early  in  the  morning,  packed  on 
ice,  and  flown  to  the  laboratory  in  Can- 
berra.! Leaf  anatomy  and  stomatal 
frequency  and  size  were  studied  on 
living  sections  under  the  light  micro- 
scope. Phase  contrast  light  microscopic 
examinations  were  also  carried  out  on 
leaf  samples  that  had  been  fixed  and  em- 
bedded in  plastic  for  electron  microscopic 
examination  of  their  chloroplast  ultra- 
structure.  Chlorophyll  and  soluble  pro- 
tein contents  were  determined  for  Alo- 
casia and  Cordyline  leaves  and  for  a 
number  of  other  species  from  shaded  and 
open  habitats. 

Leaf  anatomy.  Fig.  13A  shows  a  phase 
contrast  light  micrograph  of  a  thick  sec- 

*  Division  of  Plant  Industry,  CSIRO,  Can- 
berra. 

tDr.  M.  M.  Ludlow  of  the  CSIRO  Division 
of  Tropical  Pastures,  Brisbane,  kindly  collected 
and  sent  the  rainforest  materials. 


Fig.  13.  Alocasia  macrorrhiza.  A.  Phase  contrast  light  micrograph  of  a  leaf  section  (X  800). 
B.  Electron  micrograph  showing  grana  arrangement  in  a  chloroplast  (X  15,500).  C.  A  large 
granum  with  many  thylakoids  (X   46,000). 
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TABLE  3.  Stomatal  Frequency  and  Pore  Length  in  Some  Rainforest  Species 


Species 


Upper 
Epidermis 


Lower 
Epidermis 


Length 


Stomatal  Frequency,  mm-2 

0                              35 

0                             130 

130                             181 

0                            348 

31 
25 
15 
15 

Alocasia  macrorrhiza 
Cordyline  rubra 
Lomandra  longifolia 
Argyrodendron  altinophyllum 


tion  (150  nm)  of  Alocasia.  Such  micro- 
graphs and  examination  of  live  sections 
of  Alocasia,  Cordyline,  and  Lomandra 
longifolia,  grown  on  the  rainforest  floor, 
indicate  that  these  plants  have  a  greater 
number  of  chloroplasts  in  the  mesophyll 
cells,  adjacent  to  the  upper  leaf  surface, 
than  sun-adapted  species  such  as  Atriplex 
patula  (this  Year  Book,  Fig.  21,  p.  119). 
In  the  shade  plants  the  chloroplasts  are 
dark  green  and  unusually  large.  The 
cells  in  the  lower  part  of  the  mesophyll 
contain  relatively  few  chloroplasts,  the 
epidermis  and  the  cell  walls  are  thin,  and 
the  intercellular  spaces  are  large.  These 
are  classical  characteristics  of  shade 
plants. 

Examination  of  silicon  rubber  replicas 
of  the  leaf  surfaces  showed  that  in  Alo- 
casia and  Cordyline  stomata  are  present 
on  the  lower  surface  only,  whereas  in 
Lomandra  they  are  present  on  both 
(Table  3).  Stomatal  frequency  varies 
over  a  wide  range  among  the  four  species 
examined,  from  35  mm"2  in  Alocasia  to 
348  mm"2  in  an  Argyrodendron  sapling.  A 
lower  frequency  appears  to  be,  at  least 
in  part,  compensated  for  by  larger  size. 
As  reported  in  this  Year  Book,  p.  102, 
maximum  stomatal  conductance  values 
are  similar  for  Alocasia  and  Cordyline. 
These  results  therefore  give  no  indication 
that  stomatal  frequency  or  pore  size  of 
plants  grown  in  extreme  shade  is  fun- 
damentally different  from  those  of  plants 
from  open  sunny  habitats,  though  sto- 
matal frequency  in  a  given  genotype 
tends  to  decrease  with  decreasing  light 
intensity  for  growth  (this  Year  Book,  p. 
122). 


Leaf  thickness  also  generally  decreases 
markedly  with  decreasing  light  intensity 
for  growth  (this  Year  Book,  p.  118),  and 
many  plants  occupying  shaded  habitats 
such  as  the  cool,  temperate  forest  of 
Europe  and  North  America  often  have 
thin  leaves  and  a  low  ratio  of  dry  mat- 
ter per  leaf  area.  However,  thin  leaves 
are  not  necessarily  characteristic  of 
plants  growing  in  extreme  shade  on  the 
rainforest  floor;  many  of  them  have  rela- 
tively thick  leaves  and  a  high  ratio  of 
dry  matter  to  leaf  area,  such  as  Cordy- 
line or  Lomandra  (Table  4;  also  see  this 
Year  Book,  p.  120,  for  the  sun  plant 
Atriplex  patula  grown  at  different  light 
intensities) . 

Several  workers  have  implicated  the 
conductance  of  the  cell  to  the  diffusive 
transport  of  C02  from  the  cell  wall  to  the 
chloroplast  (intracellular  conductance) 
as  a  major  limiting  factor  in  photosyn- 
thesis (e.g.,  Chartier,  1970) ,  and  the  pos- 
sibility cannot  be  excluded  that  this  con- 
ductance is  lower  in  these  extreme  shade 
plants  than  in  sun  plants  with  high  light- 
saturated  rates  such  as  Atriplex.  How- 
ever, in  order  to  account  for  the  differ- 
ence   in    photosynthetic    rate    between 


TABLE  4.   Ratio  of  Diy  Matter  to  Leaf  Area 
in  Some  Rainforest  Species* 


Species 


Dry  Matter  per  Leaf 
Area,  mg  dm-2 


Alocasia 

Cordyline 

Lomandra 


230 
543 

775 


*  Cf.  this  Year  Book,  p.  120. 
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Alocasia  or  Cordyline  and  Atriplex,  the 
intracellular  conductance  to  C02  diffu- 
sion must  be  an  order  of  magnitude 
higher  in  the  shade  species.  Such  a  differ- 
ence seems  highly  unlikely  on  the  basis 
of  cell  wall  thickness  or  relative  distances 
between  the  cell  walls  and  the  chloro- 
plasts  in  the  shade  plants  and  in  Atriplex. 
Phase  contrast  microscopy  of  living  and 
fixed  tissue  indicates  that  the  chloroplasts 
in  the  shade  plants  are  indeed  very  close 
to  the  cell  walls :  mainly  those  walls  that 
are  in  contact  with  the  intercellular 
spaces.  On  the  basis  of  structure  it  would 
appear  that  the  diffusive  pathway  in  the 
shade  plants  would  be  rather  shorter. 

Chloroplast  structure.  A  feature  com- 
mon to  the  three  shade  plants  examined — 
Alocasia,  Cordyline,  and  Lomandra — is 
their  chloroplast  size  and  ultrastructure. 
This  is  illustrated  in  Fig.  13B,  which 
shows  an  electron  micrograph  of  Alocasia. 
The  chloroplasts  are  large  and  irregular 
in  outline.  A  striking  feature  is  the  large, 
well-developed  grana  stacks,  which  are 
composed  of  many  thylakoids.  These 
grana  stacks  reach  prodigious  proportions 
(Fig.  13C) .  In  plants  occupying  open 
habitats  the  grana  are  usually  oriented  in 
one  plane  (this  Year  Book,  Fig.  22).  In 
contrast,  the  large  grana  of  these  extreme 
shade  plants  are  irregularly  oriented 
within  a  single  chloroplast  so  that  one 
granal  stack  may  appear  in  section  while 
the  adjacent  one  is  in  surface  view.  Be- 
cause of  this  variable  orientation  it  was 
not  possible  to  determine  the  length  of 
stroma  lamellae  in  relation  to  that  of 
grana  lamellae.    There  seems,  however, 


to  be  little  doubt  that  the  proportion  of 
lamellae-forming  grana  is  much  higher 
than  in  plants  occupying  open  locations, 
especially  when  the  large  size  of  grana 
stacks  is  taken  into  account. 

The  technique  of  freeze-fracturing 
combined  with  electron  microscopy  has 
revealed  particles  within  the  chloroplast 
membranes.  Two  distinct  membrane 
fracture  faces  have  been  described  in 
spinach  chloroplasts,  one  with  a  predomi- 
nance of  large  particles  (16  nm  diam.) 
and  one  with  small  particles  (11  nm 
diam.).  In  the  present  studies  we  have 
compared  particle  distributions  on  the 
fracture  faces  of  chloroplasts  from 
Alocasia  and  Lomandra  grown  in  their 
native  rainforest  habitat  with  those  of 
Atriplex  patula  grown  at  high  light  in- 
tensity. For  this  purpose  chloroplast 
suspensions  were  frozen  in  liquid  freon 
and  freeze-fractured  in  a  Balzers  BA  360 
freeze  etch  device.  Freeze-fractured  rep- 
licas were  examined  in  the  electron  micro- 
scope and  representative  micrographs 
selected  for  measurement.  Approxi- 
mately 250  particles  were  counted  on  each 
fracture  face. 

As  shown  in  Table  5  the  internal  mem- 
brane structure  of  Alocasia  differs  from 
that  of  Atriplex  patula  grown  at  high 
light.  In  Alocasia  there  are  fewer  par- 
ticles on  the  large  particle  face  and  more 
on  the  small  particle  face  than  in  Atri- 
plex, giving  a  considerably  greater  ratio 
of  the  number  of  particles  on  the  small, 
to  that  on  the  large,  fracture  face  in 
Alocasia.  It  is  interesting  to  note  that 
growing  Atriplex  patula  at  low  light  (this 


TABLE  5.  Numbers  of  Particles  per  (x  of  Freeze-Fracture  Face 


Species 

Small-Particle 

Large-Particle 

Ratio, 

Face 

Face 

Small/Large 

Alocasia  macrorrhiza 

5100 

1290 

4.00 

(grown  in  the  rainforest) 

Lomandra  longifolia 

5000 

1380 

3.60 

(grown  in  the  rainforest) 

Atriplex  patula 

4100 

2100 

1.95 

(grown  at  high  light) 
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Year  Book,  Table  12)  leads  to  a  decrease 
in  the  number  of  particles  per  unit  area 
of  the  large  fracture  face.  The  functional 
significance  of  these  differences  in  particle 
distribution  is  not  clear  at  the  present 
time. 

Chlorophyll  and  soluble  protein  con- 
tent. The  development  of  the  grana  in  the 
shade  plants  is  reflected  in  the  ratio  of 
soluble  protein  to  chlorophyll  in  the 
leaves.  Table  6  shows  the  content  of 
chlorophyll  and  soluble  protein  and  the 
protein/chlorophyll  ratio  for  a  number 
of  species  from  shaded  and  open  habitats. 
Within  each  group  there  is  great  variation 
in  chlorophyll  and  soluble  protein  among 
the  different  species,  probably  reflecting 
species  variation  in  leaf  structure.  On  a 
leaf  area  basis  the  rainforest  plants  may 
on  the  average  have  a  somewhat  greater 
chlorophyll  content  but  a  markedly  lower 
content  of  soluble  protein  than  the  species 
from  open  habitats.  Surprising  agreement 
among  the  species  within  each  group  is 
obtained  when  the  ratios  between  protein 
and  chlorophyll  contents  are  compared, 
and  the  difference  between  the  groups  is 
striking.  The  mean  protein/chlorophyll 
ratio  is  7  times  greater  in  the  sun  plants. 
The  ratio  is  particularly  high  in  species 
occupying  bright  coastal  strands.  Con- 
sidering the  taxonomic  diversity  of  the 
species  used  and  the  different  climatic 
and  edaphic  conditions  of  the  open  habi- 
tats, there  is  little  doubt  that  the  differ- 
ence in  protein/chlorophyll  ratios  be- 
tween plants  occupying  shaded  and  those 
occupying  open  habitats  is  attributable 
to  the  light  factor. 

It  is  well  known  that  "Fraction  I"  pro- 
tein constitutes  a  major  portion  of  soluble 
leaf  protein ;  Fraction  I  protein  content  is 
correlated  with  the  activity  of  carboxy- 
dismutase  and  is  the  same  entity  as  this 
enzyme.  Thus,  both  the  ratio  of  protein 
to  chlorophyll  and  the  ultrastructural 
characteristics  of  the  chloroplasts  show 
that  shade  plants  invest  more  in  the  pro- 
duction of  an  effective  light-harvesting 
system  in  relation  to  the  carbon  fixation 
system  than  do  sun  plants.  However,  the 


absolute  capacity  of  the  carbon  fixation 
system  per  cell  volume  is  probably  sub- 
stantially greater  in  the  sun  plants. 

Reference 

Chartier,  Ph.,  in  Prediction  and  Measurement 
of  Photosynthetic  Productivity.  PUDOC, 
Center  for  Agricultural  Publishing  and 
Documentation,  Wageningen,  1970,  p.  307. 

Photochemical  Reactions  of  Chloro- 
plasts and  Components  of  the 
Photosynthetic  Electron 
Transport  Chain  in  Two 
Rainforest  Species* 

N.  K.  Boardman,\  Jan  M.  Anderson,^  S.  W. 
Thorne,t  and  0.  Bjorkman 

As  reported  in  preceding  articles  of 
this  Year  Book,  measurements  of  photo- 
synthetic gas  exchange  of  plants  from 
densely  shaded  habitats  on  the  floor  of 
the  rainforest  in  Lamington  National 
Park,  Queensland,  show  that  photosyn- 
thetic rates  by  intact  leaves  are  satur- 
ated at  low  light  intensities.  Furthermore, 
light-saturated  rates  in  vivo  are  much 
lower  than  those  of  plant  species  grown 
in  open  habitats  even  if  stomatal  con- 
ductance to  C02  diffusion  between  the 
external  air  and  the  intercellular  spaces 
in  the  leaves  is  taken  into  account.  Shade 
species  have  low  protein/chlorophyll 
ratios  and  somewhat  lower  chlorophyll  a/ 
chlorophyll  b  ratios  than  sun  plants. 
They  contain  smaller  amounts  of  car- 
boxydismutase  which  correlate  with  the 
low  levels  of  soluble  protein,  and  their 
chloroplasts  have  unusually  well-devel- 
oped grana  and  high  chlorophyll  content. 

Previous  studies  (Bjorkman,  1968) 
suggest  that  shade  plants  may  also  have 
lower  light-saturated  rates  of  the  DCIP 
reduction,  and  it  has  also  been  observed 
that  a  given  plant's  DCIP  reduction  rate, 
on  the  basis  of  chlorophyll,  decreases 
with  decreased  light  intensity  during 
growth  ( Year  Book  70,  p.  557 ;  Mousseau 

*Dr.  M.  M.  Ludlow  of  the  CSIRO  Division 
of  Tropical  Pastures,  Brisbane,  kindly  collected 
and  sent  the  rainforest  materials. 

t  Division  of  Plant  Industry,  CSIRO,  Can- 
berra. 
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et  al.,  1967) .  These  observations  suggest 
that  shade  plants  may  possess  more  light- 
harvesting  pigment  per  electron  transport 
chain  or,  alternatively,  have  larger  photo- 
synthetic  units,  i.e.,  more  light-harvesting 
pigment  per  photochemical  reaction  cen- 
ter, than  do  sun  plants.  In  the  present 
studies  we  have  examined  the  photochem- 
ical properties  of  chloroplasts  isolated 
from  two  rainforest  species  and  the  com- 
position of  chloroplasts  with  respect  to 
some  components  of  the  electron  trans- 
port chain.  We  have  chosen  to  study  the 
rate  of  photosynthetic  electron  transport 
driven  by  photosystem  2  by  measure- 
ment of  the  rate  of  photoreduction  of 
DCIP  (dichlorophenolindophenol)  and 
the  rate  of  electron  transport  driven  by 
photosystem  1  by  measurement  of  the 
rate  of  reduction  of  methyl  viologen  in 
the  presence  of  added  DCMU  [3- 
3,4-(dichlorophenyl)-l,l-dimethylurea] , 
TMPD  (tetramethyl,  p  -  phenylenedia- 
mine)  and  ascorbate.  Of  the  various  elec- 
tron carriers  of  the  synthetic  transport 
chain,  we  have  chosen  to  determine  the 
contents  of  cytochrome  /,  cytochrome  o6, 
Q  and  P  as  well  as  P700.  Unfortunately, 
we  have  no  means  of  measuring  the  reac- 
tion center  of  photosystem  2. 

According  to  results  obtained  mainly 
with  spinach,  chloroplasts  are  generally 
considered  to  contain  one  molecule  of 
cytochrome  /  and  one  molecule  of  P700 
per  approximately  400  light-harvesting 
chlorophyll  molecules,  from  which  it  has 
been  concluded  that  each  photosynthetic 
unit  contains  about  400  chlorophyll 
molecules.  These  molecules  appear  to  be 
distributed  about  equally  between  the 
two  photosystems.  The  present  studies 
indicate,  however,  that  while  the  ratio 
of  chlorophyll  to  P700  appears  to  be 
similar,  the  ratio  of  chlorophyll  to  cyto- 
chrome /  and  to  other  electron  carriers 
may  differ  considerably  between  shade 
and  sun  plants. 

Chloroplast  isolation  and  reaction  con- 
ditions. Leaves  of  Alocasia  macrorrhiza 
and  Cordyline  rubra  were  collected  in 
their  natural  habitats  from  sites  similar 


to  those  used  for  measurements  of  photo- 
synthesis in  situ.  The  leaves  were  packed 
on  ice  and  shipped  by  air  to  the  Labora- 
tory in  Canberra,  where,  as  a  rule,  chloro- 
plasts were  isolated  and  analyzed  the 
same  day.  However,  no  measurable  de- 
cline in  chloroplast  activities  was  found 
even  when  leaves  were  stored  on  ice  for 
as  long  as  one  week. 

The  leaves  were  blended  in  0.05  M 
phosphate  buffer,  pH  7.2,  containing 
0.3  M  sucrose  and  0.01  M  KC1  (7 
ml  buffer/g  fresh  wt.  of  leaves)  in  a 
Sorval  Omnimixer  for  10  sec  at  75%  of 
line  voltage.  The  mixture  was  filtered 
through  two  layers  of  Miracloth  and  the 
chloroplasts  isolated  by  centrifugation  at 
1000  X  g  for  10  min. 

Photochemical  activities.  Table  7 
shows  the  light-saturated  rate  of  re- 
actions of  chloroplasts  isolated  from  the 
two  species  of  shade  plants  grown  on  the 
floor  of  the  rainforest.  Data  obtained 
with  chloroplasts  from  a  sun  plant 
(Atriplex  patula)  grown  under  a  high 
light  intensity  that  simulated  the  daily 
quantum  flux  in  its  natural  habitat  are 
included  in  Table  7  for  comparison. 
These  rates  were  measured  at  saturating 
light  intensities,  using  the  same  filtered 
xenon  arc  beam  as  used  for  measurements 
of  photosynthesis  by  intact  leaves.  The 
rainforest  species  were  saturated  at  very 
low  light  intensity,  compared  with  that 
required  to  saturate  Atriplex  grown  in 
high  light  (not  shown).  For  Atriplex 
comparable  light-saturated  rates  were 
obtained  for  C02  uptake  by  the  intact 
leaf  and  for  the  partial  reactions  of  iso- 
lated chloroplasts  (Table  7).  In  contrast 
to  Atriplex,  light-saturated  rates  for  the 
photosystem  1  reaction  of  chloroplasts  of 
the  rainforest  species  were  considerably 
higher  than  the  photosystem  2  rates  and 
the  rates  of  C02  uptake  by  intact  leaves. 
The  numbers  in  parentheses  give  the 
ratios  of  the  rates  of  Atriplex  chloroplasts 
compared  with  those  of  the  shade  plants. 
For  the  photosystem  2  reactions  and  for 
CO2  uptake  the  rates  of  Atriplex  were 
10-  to  15-fold  higher  than  those  of  Alo- 
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casia  and  Cordyline.  Photosystem  1  rates 
were  about  6-fold  higher.  The  rates  of 
both  photosystem  1  and  photosystem  2 
at  low  rate-limiting  light  intensities 
(quantum  yields)  were  similar  in  the  sun 
and  the  shade  species  (not  shown) . 

It  is  apparent  from  Table  7  that  the 
low  light-saturated  rates  for  C02  uptake 
by  intact  leaves  of  the  rainforest  species 
are  reflected  in  the  low  capacities  of  the 
chloroplast  reactions,  particularly  those  of 
photosystem  2.  Since  the  rates  are  ex- 
pressed on  a  chlorophyll  basis,  the  low 
rates  for  the  chloroplast  reactions  of  the 
rainforest  species  must  be  due  either  to 
an  increased  size  of  the  photosynthetic 
unit  or  to  a  decreased  maximum  rate  of 
electron  flow  through  the  electron  trans- 
port chain. 

P700  and  cytochrome  contents.  Two 
procedures  were  used  to  determine  P700 
(Anderson  et  al.,  1971).  In  the  photo- 
chemical method,  the  light-induced  ab- 
sorbance  change  at  698  nm  was  deter- 
mined in  an  Aminco-Chance  dual-wave- 
length spectrophotometer.  In  the  chem- 
ical method,  P700  was  determined  from 
the  absorbance  trough  at  698  nm  in  a 
ferricyanide  oxidized  minus  ascorbate  re- 
duced difference  spectrum,  measured  in  a 
Cary  14R  spectrophotometer.  Cyto- 
chromes were  determined  from  reduced 
minus  oxidized  difference  spectra  (Board- 
man  and  Anderson,  1967).  In  this  report 
we  have  classified  6-type  cytochromes 
that  are  reduced  by  dithionite  but  not  by 
ascorbate  as  cytochrome  6e-  We  have  not 
attempted  to  determine  separately  the 
amount  of  low  potential  cytochrome  b- 
559  (Bendall,  1968),  and  this  cytochrome 
is  included  with  cytochrome  66. 

Molar  ratios  of  chlorophyll/P700  and 
chlorophyll/cytochrome  are  given  in 
Table  8.  Chloroplasts  from  the  rainforest 
species  have  3-fold  less  cytochrome  / 
than  chloroplasts  from  Atriplex  grown  in 
high  light  when  compared  on  a  chloro- 
phyll basis.  They  also  have  less  P700, 
but  the  differences  in  P700  content  are 
small,  particularly  in  comparison  with 
the  differences  in  light-saturated  photo- 


chemical rates  (Table  7) .  The  chemical 
method  for  determining  P700  gave  some- 
what higher  contents  of  P700  than  did  the 
photochemical  method.  The  proportions 
of  cytochromes  f,  66,  and  6-559  relative 
to  each  other  in  the  rainforest  species 
do  not  appear  significantly  different  from 
those  in  Atriplex  or  spinach. 

Fluorescence  kinetics  of  chloroplasts. 
The  light-induced  rise  in  the  fluorescence 
yield  of  isolated  chloroplasts  is  a  measure 
of  electron  flow  in  photosystem  2 
(Duysens  and  Sweers,  1963).  On  illumi- 
nation of  dark-adapted  chloroplasts,  the 
electron  carriers  Q  and  P  become  reduced, 
and  the  fluorescence  increases  from  an 
initial  level  (F0)  to  a  steady  state  level 
(Fa).  In  the  presence  of  potassium 
ferricyanide,  Q  and  P  stay  oxidized  and 
the  fluorescence  (F0Xidized)  remains  at  the 
F0  level.  Sodium  dithionite,  a  strong 
reducing  agent,  causes  reduction  of  Q  and 
P,  and  on  illumination  of  chloroplasts  in 
the  presence  of  dithionite  the  fluorescence 
rises    immediately    to    the    higher    level 

\  "  reduced /  • 

Table  9  shows  the  effect  of  light  inten- 
sity on  the  steady  state  level  of  fluores- 
cence of  chloroplasts  from  Alocasia  at 
20°.  Foo  increases  with  light  intensity  in 
agreement  with  previous  work  with 
spinach  chloroplasts  (Thorne  and  Board- 
man,  1971) .  However,  a  comparison  with 
spinach  chloroplasts  indicates  that  lower 
intensities  of  excitation  light  are  required 
with  Alocasia  chloroplasts.  For  example, 
a  light  intensity  of  I0  X  0.3  with  Alocasia 
is  roughly  equivalent  to  I0  X  1  for  spinach 
chloroplasts. 

The  effective  concentration  of  (Q  +  P) 
may  be  calculated  by  assuming  first- 
order  quenching  of  fluorescence  in  accord- 
ance with  the  Stern-Volmer  equation 
(Thorne  and  Boardman,  1971).  Ratios 
of  (Qt)/(Qt)m  were  calculated  from  the 
experimental  values  of  F0,  Fx  and  Fredueed, 
where  (Qt)  is  the  effective  concentration 
of  the  total  quencher  pool  (Q  +  P), 
(Qt)m  the  maximum  concentration  of  Qt. 
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Fig.  14.  Relationship  between  excitation  light 
intensity  and  relative  fluorescence  quencher 
concentration  for  Alocasia  and  spinach  chloro- 
plasts  at  20 °C.  The  units  of  light  intensity  are 
expressed  in  multiples  of  [I0  X  1]  where  Io 
equals  0.11  nanoeinstein  cm"2  sec"1.  Excitation 
wavelength,  650  nm.  Emission  wavelength,  683 
nm. 

The  effect  of  light  intensity  on  the  rela- 
tive quencher  concentration  at  20°  is 
shown  in  Fig.  14.  A  comparison  with  data 
obtained  previously  with  spinach  chloro- 
plasts  (Thorne  and  Boardman,  1971)  in- 
dicates a  4-fold  difference  in  light  inten- 
sity for  the  same  value  of  (Qt)/(Qt)  in- 
Alternative  explanations  for  this  result 
are:  (1)  Alocasia  chloroplasts  have  a 
larger  photosynthetic  unit  than  spinach 
chloroplasts,  resulting  in  more  efficient 
harvesting  of  light  quanta;  or  (2)  the 
pool  of  Q  -4-  P  is  smaller  in  Alocasia. 

Previous  work  with  spinach  chloro- 
plasts demonstrated  that  the  steady-state 
level  of  the  quencher  decreases  as  the 
temperature  is  lowered  from  20°  to  0°. 
Similar  results  were  obtained  with  Alo- 
casia chloroplasts  (Fig.  15) ,  except  that 
the  lower  light  intensities  were  needed  at 
all  temperatures  to  attain  equivalent 
levels  of  Fx. 

A  comparison  of  the  fluorescence  kinet- 
ics of  Alocasia  and  spinach  chloroplasts 


at  — 5°  is  given  in  Fig.  16.  Curve  a  shows 
the  kinetic  response  of  dark-adapted 
Alocasia  chloroplasts  on  illumination. 
The  curve  is  biphasic  and  this  is  inter- 
preted in  terms  of  the  sequential  reduc- 
tion of  Q  and  P.  At  — 5°  the  steady-state 
level  of  fluorescence  is  equal  to  the  Fre(JUCed 
level.  A  similar  biphasic  curve  is  ob- 
tained with  spinach  chloroplasts  (curve 
b) ,  but  the  time  required  to  reach  the 
steady-state  level  is  longer.  If  the  chloro- 
plasts are  returned  to  darkness  for  at 
least  2  min.  at  — 5°  and  illuminated 
again  at  — 5°,  the  fluorescence  response 
is  monophasic  (curve  c),  and  identical 
curves  are  obtained  for  Alocasia  and 
spinach. 

It  is  concluded  that  Q  and  P  are  re- 
duced during  the  first  illumination  at  — 5  ° . 
In  the  subsequent  period  Q"  is  reoxidized 
to  Q,  but  P"  remains  reduced.  At  the 
second  illumination  Q  is  reduced,  giving 
rise  to  monophasic  kinetics  (Thorne  and 
Boardman,  1971).  The  treatment  of 
Thorne  and  Boardman  has  been  modified 
in  the  present  report.  Thorne  and  Board- 
man  propose  three  carriers  on  the  reduc- 
ing side  of  photosystem  2  (E,  Q,  and  P), 
but  in  present  treatment  (E  +  Q)  have 
been  replaced  by  the  single  quencher,  Q. 

The  area  bounded  by  the  fluorescence 
curve  c,  the  F^  level,  and  an  ordinate 
representing  the  response  time  of  the  re- 
corder is  a  measure  of  the  pool  size  of  Q. 
The  corresponding  areas  above  curves 
a  and  b  give  the  pool  sizes  of  (P  -4-  Q). 
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Fig.  15.  Effect  of  temperature  on  the  relative 
quencher  concentration  of  Alocasia  chloroplasts. 
Conditions  as  for  Fig.  14. 
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Fig.  16.  Fluorescence  kinetics  of  Alocasia  and 
spinach  chloroplasts  at  — 5°C.  Chloroplasts  were 
suspended  in  0.05  M  phosphate  buffer,  pH  7.2, 
and  20%  glycerol.  Excitation  at  650  nm  with 
an  intensity  of  0.11  nanoeinstein  cm"2  sec-1; 
emission  at  683  nm.  (A)  Alocasia  chloroplasts, 
(B)  spinach  chloroplasts,  (C)  Alocasia  or  spin- 
ach chloroplasts,  predominated  at  —5°,  re- 
turned to  darkness  for  2  min,  and  illuminated 
again  at  — 5°C. 


Since  Alocasia  and  spinach  chloroplasts 
apparently  have  the  same  quantum  effi- 
ciencies, the  areas  above  curves  a  and  b 
may  be  used  to  calculate  the  relative  chl/ 
(Q  +  P)  ratios.  The  ratio  for  Alocasia 
is  2.0  times  that  of  spinach.  In  contrast, 
the  chl/Q  ratios  are  identical  for  Alocasia 
and  spinach.  These  results  suggest  that 
Alocasia  and  spinach  contain  similar 
amounts  of  Q,  but  the  content  of  P  in 
Alocasia  is  less  than  half  that  of  spinach. 
Fluorescence  kinetic  measurements  of 
Alocasia  chloroplasts  at  temperatures  be- 


tween — 60°C  and  — 196°C  were  mono- 
phasic  (Fig.  17).  The  fluorescence  rise 
curves  are  identical  with  those  of  spinach 
(Thorne  and  Boardman,  1971).  This  re- 
sult confirms  the  conclusion  that  the 
chl/Q  ratios  of  Alocasia  and  spinach  are 
the  same.  Thorne  and  Boardman  (1971) 
reported  a  fall  in  quantum  efficiency  for 
the  reduction  of  Q  as  the  temperature  was 
lowered.  An  identical  decline  in  efficiency 
is  observed  for  Alocasia. 

Conclusions.  The  concept  of  the  photo- 
synthetic  unit  arose  from  measurements 
of  the  maximum  yield  of  photosynthesis 
per  flash  of  light  (Emerson  and  Arnold, 
1932).  The  photosynthetic  unit  was 
originally  defined  as  the  number  of  moles 
of  chlorophyll  per  mole  of  C02  consumed 
or  of  02  evolved.  The  discovery  of  P700, 
the  reaction  center  chlorophyll  of  photo- 
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Fig.  17.  Fluorescence  kinetics  of  Alocasia 
chloroplasts  at  low  temperatures.  Chloroplasts 
were  suspended  in  0.05  M  phosphate  buffer,  pH 
7.2,  and  63%  glycerol.  Conditions  as  for  Fig. 
16.  Identical  curves  were  obtained  with  spinach 
chloroplasts. 
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system  1,  led  to  an  alternative  definition 
in  which  the  size  of  the  photosynthetic 
unit  was  defined  as  the  number  of  moles 
of  chlorophyll  per  mole  of  reaction  cen- 
ter. Since  cytochrome  /  and  P700  are 
present  in  equimolar  amounts  in  spinach 
chloroplasts,  the  number  of  moles  of 
cytochrome  /  per  mole  of  chlorophyll 
would  appear  to  provide  an  alternative 
method  of  determining  the  size  of  the 
photosynthetic  unit. 

However,  in  the  present  studies  with 
the  rainforest  species  we  have  observed  a 
three-fold  increase  in  the  chl/cyt  /  molar 
ratio  as  compared  with  A.  patula  but  a 
considerably  smaller  increase  in  the  chl/ 
P700  ratio.  It  seems,  therefore,  that  the 
chl/cyt  /  ratio  cannot  be  used  as  an 
index  of  the  size  of  the  photosynthetic 
unit.  The  chl/P700  ratios  (Table  8)  sug- 
gest that  the  photosynthetic  unit  in  the 
rainforest  species  is  1.3-1.5-fold  larger 
than  in  A.  patula. 

The  fluorescence  quencher  Q  is  closely 
associated  with  the  reaction  center  of 
photosystem  2,  since  it  is  reduced  at 
liquid  nitrogen  temperature  by  light  ab- 
sorbed by  photosystem  2.  Therefore,  the 
pool  size  of  Q,  relative  to  chlorophyll, 
would  appear  to  be  a  good  indicator  of  the 
relative  sizes  of  the  photosynthetic  units 
in  different  species,  provided  that  the 
quantum  yield  for  the  photoreduction  of 
Q  is  constant.  The  latter  assumption 
seems  valid  in  view  of  the  constant  quan- 
tum yields  obtained  for  the  reduction  of 
DCIP  by  chloroplasts  from  A.  patula 
and  the  rainforest  species.  It  appears 
from  the  chl/Q  ratios  that  the  photo- 
synthetic units  of  A.  patula  and  the  rain- 
forest species  are  approximately  the  same 
size.  A  similar  conclusion  is  reached  from 
the  kinetics  of  photoinhibition  for  photo- 
inactivation  of  the  Hill  reaction  by  in- 
tense visible  light,  which  were  the  same 
for  Atriplex  and  the  rainforest  species 
(this  Year  Book,  p.  131 ) . 

Therefore,  the  large  differences  in 
photosynthetic  rates  between  A.  patula 
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and  the  rainforest  species  are  not  due  to 
differences  in  the  sizes  of  the  photosyn- 
thetic units.  However,  chloroplasts  from 
A.  patula  grown  at  high  light  intensity 
contains  3  times  more  cytochrome  /  per 
mole  of  chlorophyll  than  do  chloroplasts 
from  the  rainforest  species.  The  pool  of 
P  is  3.5-fold  higher  (p.  129)  in  high  light 
chloroplasts  of  Atriplex  as  compared  with 
the  rainforest  species.  It  seems  probable 
that  the  saturating  rates  of  electron  trans- 
port in  the  rainforest  species  are  limited 
by  the  amounts  of  some  of  the  electron 
transport  carriers.  If  we  consider  that  the 
interaction  of  neighboring  members  of 
the  electron  transport  chain  is  governed 
by  a  collision  process,  it  is  not  difficult  to 
imagine  that  a  3— 4-fold  increase  in  the 
amount  of  the  carriers  could  account  for  a 
10-fold  increase  in  the  maximum  rate  of 
electron  transport. 

There  appears  to  be  little  doubt  that 
factors  underlying  the  differences  be- 
tween the  photosynthetic  capacity  in  vivo 
of  shade  and  sun  species  are  several,  and 
that  they  include  the  capacity  of  the 
transport  chain  as  well  as  that  of  the 
carbon  fixation  system. 
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Effect  of  Light  Intensity  During 
Growth  of  Atriplex  patula  on  the 
Capacity  of  Photosynthetic  Re- 
actions, Chloroplast  Compo- 
nents and  Structure 

0.  Bjorkman,  N.  K.  Boardman*  Jan  M. 
Anderson*  S.   W.   Thome*  D.  J. 
Goodchild*  and  N.  A.  Pyliotis* 

Previous  reports  have  shown  that  the 
photosynthetic  properties  of  species  oc- 
cupying extreme  shade  habitats  on  a  rain- 
forest floor  differ  from  those  of  species 
occurring  in  open  habitats,  such  as  Atri- 
plex patula,  in  an  adaptive  manner. 
These  differences  involve  a  number  of 
component  steps  of  photosynthesis,  in- 
cluding photosynthetic  enzymes  and  elec- 
tron transport  carriers. 

In  these  previous  studies  the  "sun" 
species  Atriplex  patula,  grown  under  a 
high  light  regime,  simulating  that  pre- 
vailing in  its  natural  habitat,  served  as  a 
standard  for  our  various  comparisons. 
It  is  well  known  that  the  photosynthetic 
gas  exchange  characteristics  of  a  given 
individual  are  influenced  by  the  light 
intensity  under  which  it  is  grown,  and  the 
present  studies  were  therefore  undertaken 
to  compare  the  effects  of  different  light 
intensities  during  growth  on  various  com- 
ponents of  the  photosynthetic  process, 
using  plants  of  uniform  genetic  stock 
grown  under  strictly  controlled  conditions 
in  the  Phytotron. 

Growing  conditions.  Atriplex  patula 
seedlings  were  grown  under  a  photoperiod 
of  16  hrs  per  day,  a  leaf  temperature  of 
25°C  during  the  light,  and  20°C  during 
the  dark  period.  Relative  humidity  was 
kept  constant  at  70%.  Plants  were  grown 
in  a  mixture  of  perlite  and  vermiculite; 
they  were  watered  twice  daily  with  nutri- 
ent solution,  and  once  daily  with  demin- 
eralized  water.  Light  was  provided  by  a 
bank  of  Sylvania  VHO  fluorescent  tubes 
supplemented  with  incandescent  lamps. 

*  Division  of  Plant  Industry,  CSIRO,  Can- 
berra. 


Three  different  light  intensities  were 
used:  20,  6.3,  and  2  mW  cm-2  (in  the 
waveband  400-700  nm) .  The  correspond- 
ing quantum  fluxes  are  approximately 
equal  to  92,  29,  and  9.2  nanoeinsteins 
cm-2  sec"1,  or  daily  total  fluxes  of  5300, 
3630,  and  530  //.einsteins  cm"2  day"1.  In 
the  following,  these  levels  are  referred  to 
as  High,  Intermediate,  and  Low.  The 
daily  total  quantum  flux  in  the  High  light 
treatment  is  approximately  the  same  as 
the  total  daily  average  in  the  native  habi- 
tat of  Atriplex  patula,  at  Pescadero,  Cal- 
ifornia, during  May-August,  the  main 
period  of  vegetative  growth  of  this  plant. 
The  Low  light  level  is  near  the  lower  limit 
at  which  this  species  is  capable  of  a  rea- 
sonable growth  rate.  It  should  be  pointed 
out  that  the  Low  light  used  in  these  stud- 
ies is  still  about  20  times  higher  than  the 
average  daily  total  received  by  the  ex- 
treme shade  species  in  the  rainforest. 

Seeds  of  Atriplex  patula  were  sown  in 
sand  and  germinated  under  Intermediate 
light.  At  the  time  of  emergence  of  the 
first  true  leaf  pair  the  seedlings  were 
potted,  and  after  another  2-3  days  they 
were  transferred  to  one  of  the  light  treat- 
ments. Since  the  rate  of  seedling  growth 
and  leaf  expansion  was  much  slower  at 
the  Low  light  level,  the  chronological  age 
of  the  seedlings  used  for  experimental  pur- 
pose was  different  for  the  three  light  treat- 
ments: 3-4  weeks  for  High,  4-5  weeks  for 
Intermediate,  and  10-13  weeks  for  Low 
(time  after  transfer  to  the  light  level). 
Fully  exposed,  horizontally  oriented 
leaves  which  had  reached  75  to  90%  of 
full  expansion  were  used  in  all  experi- 
ments. Photosynthetic  gas  exchange 
measurements  were  made  on  single  leaves 
attached  to  the  intact  plant.  Comparable 
leaves,  used  for  all  other  experiments, 
were  harvested  during  the  first  hour  of 
the  light  cycle. 

The  open  system  used  for  simultaneous 
measurements  of  CO2  and  water  vapor 
exchange  was  similar  to  those  described 
by  Bjorkman  and  Holmgren  (1963)  and 
Bjorkman  and  Gauhl   (1970).    A  short- 
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Fig.  18.  Rate  of  C02  uptake  as  a  function  of  light  intensity  at  320  ppm  external  C02  concentra- 
tion and  actual  stomatal  conductance  for  leaves  of  Atriplex  patula  grown  at  High,  Intermediate, 
and  Low  light.  Arrows  on  the  abscissa  indicate  these  three  light  levels. 


arc,  2.5-kW  xenon-arc  lamp,  together 
with  appropriate  lenses  and  filters  to 
isolate  the  waveband  400-700  nm,  was 
used  as  a  light  source  in  the  gas  exchange 
studies  as  well  as  in  the  measurements  of 
activities  of  isolated  chloroplasts  and  the 
photoinhibition  experiments.  Ninety- 
seven  percent  of  the  total  energy  in  the 
beam  was  in  the  waveband  400-700  nm, 
and  less  than  0.1%  was  at  wavelengths 
shorter  than  400  nm. 

Photosynthetic  gas  exchange  charac- 
teristics. The  light  dependence  of  photo- 
synthetic  CO2  exchange  for  Atriplex 
patula  grown  at  the  three  different  light 
regimes  is  shown  in  Fig.  18.  The  arrows 
on  the  abscissa  indicate  the  three  differ- 
ent light  levels  during  growth.  All  photo- 
synthesis values  are  for  a  C02  concentra- 
tion of  320  ppm  external  to  the  leaf  and 
the  actual  stomatal  conductance  values 
that  the  leaves  assumed  at  each  light 
intensity.  Clearly,  the  photosynthetic 
characteristics  so  adjusted  to  the  light  in- 
tensity during  growth  that  the  leaves 
were  capable  of  an  effective  use  of  the 


light  at  which  they  were  grown.  The  light 
intensity  required  for  saturation  of  the 
plant  grown  at  the  High  light  level  is 
several  times  higher  than  in  the  plant 
grown  at  the  Low  light  level  and  is  inter- 
mediate in  the  plant  grown  at  the  Inter- 
mediate light  level.  Similarly,  the  light- 
saturated  photosynthetic  rate  (on  the 
basis  of  unit  leaf  area)  for  the  plant 
grown  at  High  light  is  1.4  times  greater 
than  that  for  the  plant  grown  at  Inter- 
mediate light  and  5  times  greater  than  for 
the  plant  grown  at  Low  light.  Conversely, 
the  rate  of  net  C02  uptake  at  rate-limit- 
ing light  intensities  is  highest  in  the  plant 
grown  at  Low  light.  This  is  further  illus- 
trated in  Fig.  19,  which  shows  the  light- 
limited  rate  of  C02  exchange  as  a  func- 
tion of  the  flux  of  light  quanta  absorbed 
by  the  leaves  at  654  nm.  (The  fraction 
of  the  incident  light  that  is  absorbed  at 
this  wavelength  is  almost  identical  in  the 
leaves  grown  at  the  three  light  levels). 
There  are  no  significant  differences 
among  the  slopes  of  the  three  lines,  indi- 
cating that  the  quantum  yield  is  the  same 
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Fig.  19.  Rate  of  C02  uptake  as  a  function  of 
the  flux  of  light  quanta  absorbed  in  leaves  of 
Atriplex  patula  grown  at  High,  Intermediate, 
and  Low  light.  Monochromatic  light  at  654 
nm;  normal  air. 


for  the  different  light  treatments.  Thus, 
the  differences  in  the  rate  of  net  C02 
uptake  and  in  the  light  compensation 
point  must  be  caused  by  the  different 
rates  of  respiration.  The  rate  of  respira- 
tory C02  release  in  the  dark  is  approxi- 
mately proportional  to  the  light-satur- 
ated photosynthesis  rate. 

The  enhancement  obtained  when  the  02 
concentration  was  reduced  from  21%  to 
1%  was  very  similar  (about  40%)  in  the 
leaves  grown  at  the  three  different  light 
intensities.  This  was  true  at  rate-limiting 
as  well  as  rate-saturating  light  inten- 
sities. A  C02  concentration  of  1000  ppm 
external  to  the  leaf  completely  suppressed 
the  inhibition  of  net  C02  uptake  by  21% 
02,  regardless  of  the  light  intensity  under 
which  the  plants  were  grown.  Thus,  the 
differences  in  photosynthetic  rates  be- 
tween the  plants  grown  at  the  different 
light  intensities  cannot  be  attributed  to 
differences  in  sensitivity  to  02  or  in 
photorespiration.  This  is  in  agreement 
with  previous  results  obtained  with  Soli- 
dago  virgaurea  (Bjorkman,  1968). 


In  an  atmosphere  of  21%  02  the  rate 
of  light-saturated  photosynthesis  in  Atri- 
plex patula  is  not  C02  saturated  at  an 
ambient  C02  concentration  of  320  ppm. 
Consequently,  the  rate  of  photosynthesis 
in  normal  air  will  be  influenced  by  the 
conductance  of  the  stomata  to  the  diffu- 
sion of  C02  from  the  surface  of  the  leaf 
to  the  intercellular  spaces.  The  maximum 
stomatal  conductance  increased  with  in- 
creased light  intensity  for  growth;  mean 
values  determined  at  light  saturation 
were  0.35,  0.82,  and  1.02  cm  sec"1  for  the 
Low,  Intermediate,  and  High  light  treat- 
ments, respectively. 

The  dependence  of  C02  uptake  on 
stomatal  conductance  for  a  given  leaf  can 
be  obtained  if  the  dependence  of  C02 
uptake  on  the  C02  concentration  is 
known.  For  this  purpose  the  light- 
saturated  rate  of  C02  uptake  and  water 
vapor  release  were  simultaneously  meas- 
ured at  several  C02  concentrations  ex- 
ternal to  the  leaf.  The  relation  between 
the  rate  of  C02  uptake  and  intercellular 
C02  concentration  was  then  calculated 
from  the  expression 


(C02h  =  (C02)a  -  P  XRi 


D 


CO2 


D 


h2o 


where  (C02)o  and  (C02)i  are  external 
and  intercellular  C02  concentrations,  re- 
spectively; P,  rate  of  C02  uptake;  Rh  re- 
sistance of  the  stomata  to  diffusion  of 
water  vapor  from  the  intercellular  spaces 
to  the  external  air;  and  the  ratio  DCo2/ 
Dh2o  between  the  diffusion  coefficients  for 
C02  and  water  vapor  equals  1.56.  P  and 
R{  were  measured  over  a  range  of  C02 
concentrations  and  P  =  f(C02)i  was  de- 
termined for  each  light  treatment.  From 
this  relationship  P  =  i{l/Ri)  was  calcu- 
lated for  a  constant  external  C02  con- 
centration of  320  ppm;  it  is  illustrated  in 
Fig.  20.  It  is  evident  that  the  conduc- 
tance of  the  stomata  to  C02  diffusion  in 
each  of  the  plants  grown  at  the  three  uif- 
ferent  light  intensities  imposes  only  a 
minor  restriction  to  the  photosynthetic 
rate  in  normal  air.    An  increase  in  sto- 
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Fig.  20.  Calculated  rate  of  light-saturated  C02 
uptake  as  a  function  of  stomatal  conductance  in 
leaves  of  Atriplex  patula  grown  at  High,  Inter- 
mediate, and  Low  light.  Rates  are  calculated  for 
a  constant  C02  concentration  of  320  ppm  ex- 
ternal to  the  leaves.  Arrows  indicate  the  actual 
stomatal  conductances  assumed  by  the  different 
leaves  at  light  saturation  and  320  ppm  C02. 


matal  conductance  to  twice  the  actual 
values  would  increase  the  light-saturated 
photosynthetic  rate  from  20.3  to  24.1 
/tmole  dm"2  min"1  in  the  plant  grown  at 


High, 
-i 


from  14.1  to  16.3  /xmole  dm"2 
mm  x  in  the  plant  grown  at  Inter- 
mediate, and  from  4.0  to  4.3  jumole 
dm"2  min"1  in  the  plant  grown  at  Low 
light.  As  shown  in  Table  10,  the  rates  of 
photosynthesis  that  would  occur  if  there 
were  no  barriers  whatever  to  C02  trans- 
port between  the  external  air  and  the  in- 
tercellular spaces  (i.e.,  l/Ri  =  °o )  show 
an  even  greater  difference  among  the 
three  light  treatments  than  do  the  rates 
determined  at  the  actual  stomatal  con- 
ductances. Thus,  the  lower  light-satur- 
ated photosynthetic  capacity  of  the 
plants  grown  at  Low  and  Intermediate 
light  cannot  be  attributed  to  their  lower 
stomatal  conductances.  Evidently,  the 
plants  grown  at  the  different  light  levels 
have  so  adjusted  their  stomatal  conduc- 
tance that  it  does  not  impose  a  major 


restriction  on  photosynthesis  at  the  cellu- 
lar level.  It  does  not  follow,  however, 
that  a  reduction  of  the  stomatal  conduc- 
tance of  the  plant  grown  at  High  light 
from  its  actual  value  to  that  of  the  plant 
grown  at  Low  light  would  have  only  a 
small  effect  on  the  rate  of  photosynthesis ; 
such  a  reduction  would  lower  the  rate 
from  20.3  to  13.3  ^mole  dm"2  min"1. 

The  photosynthetic  capacity  of  light 
saturation  of  Atriplex  patula  grown  at 
Low  light  is  about  twice  that  of  the  two 
rainforest  species  grown  in  their  native 
habitats,  regardless  of  whether  the  com- 
parison is  made  at  actual  or  infinite  sto- 
matal conductance  values.  The  light  in- 
tensity required  for  light  compensation 
and  the  rate  of  dark  respiration  are  about 
10  times  higher  in  the  Low-light-grown 
Atriplex  than  in  the  rainforest  species 
(cf.  this  Year  Book,  Table  2) . 

Leaf  anatomy,  chloroplast  structure 
and  chlorophyll  protein  contents.  The 
anatomy  of  Atriplex  leaves  showed  all  of 
the  modifications  commonly  found  when 
plants  are  subjected  to  different  light  in- 
tensities during  growth.  This  is  illustrated 
in  Fig.  21,  which  shows  phase-contrast 
light  micrographs  of  cross  sections  (150 
nm)  of  leaves  which  had  been  fixed  for 
electron  microscopy  and  embedded  in 
plastic.  Leaves  grown  at  High  light  had 
up  to  7  cells  across  the  leaf  section,  with 
a  large  proportion  being  columnar ;  leaves 
grown  at  Intermediate  light  had  up  to  6 
cells  across  each  section,  many  columnar 
and  others  round;  leaves  grown  at  Low 
light  had  on  the  average  only  3  or  4  cells 
across  the  section  and  these  cells  tend  to 
be  round  or  irregular  in  shape.  There  are 
also  considerably  fewer  vascular  strands 
in  the  leaves  grown  at  Low  light,  and  the 
vascular  system  of  the  petioles  and  the 
stems  is  also  poorly  developed  (not 
shown)  compared  to  the  plants  grown  at 
High  light. 

The  number  of  chloroplasts  across  the 
leaf  sections  in  the  plants  grown  at  Low 
light  is  about  one-half  of  that  in  the 
plants  grown  at  High  light,  as  is  also  the 
number  of  cells.    This  is  also  correlated 
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Fig.  21.  Atriplex  patula.  Phase  contrast  light 
micrographs  of  leaf  sections  from  plants  grown 
at  High  (A),  Intermediate  (B),  and  Low  (C) 
light  intensity  (X  515). 
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TABLE  11.  Chlorophyll  and  Soluble  Protein  Contents  in  Leaves  of  Atriplex  patula 
Grown  at  Three  Different  Light  Intensities 


Light  Intensity      Chlorophyll  (a+b)       Soluble  Protein 
during   Growth  mg  dm-2  leaf  area 


Ratio, 

Protein/ 

Chlorophyll 

mg  mg-1 


Ratio, 

chl  a/  chl  b 


High 

Intermediate 

Low 


5.14  ±  0.70 
5.13  ±  0.59 
4.22  ±  0.47 


70.3  ±  7.2 
60.8  ±  7.1 
29.3  ±  3.1 


13.8  ±  1.6 

11.7  ±  0.3 

7.0  ±  0.8 


3.38  ±  0.08 
3.19  ±  0.07 
2.97  ±  0.09 


with  a  smaller  amount  of  dry  matter  per 
unit  leaf  area  in  the  former  plants.  The 
average  ratio  of  dry  matter  to  leaf  area 
was  445,  353,  and  177  mg  dry  matter  dm-2 
in  the  plants  grown  at  High,  Intermedi- 
ate, and  Low  light,  respectively.  It  is 
interesting  to  note  that  although  Low 
light  intensity  for  growth  in  this  sun 
species  produces  thin  leaves  with  a  small 
ratio  of  dry  matter  to  leaf  area,  these 
features  are  not  characteristic  of  shade 
species  on  the  rainforest  floor  (c/.  Table 
4,  this  Year  Book)  where  the  amount  of 
light  quanta  received  by  the  plants  in  this 
habitat  per  day  was  only  about  M>o  of 
that  received  by  the  Low-light-grown 
Atriplex. 

In  the  Atriplex  leaves  the  content  of 
soluble  protein  per  leaf  area  also  de- 
creased with  decreased  light  intensity 
during  growth  (Table  11),  so  that  the 
plant  grown  at  Low  light  had  only  about 
half  as  much  protein  as  the  plant  grown 
at  High  light.  However,  the  amount  of 
chlorophyll  per  unit  leaf  area  was  only 
slightly  lower  in  the  plants  grown  in  Low 
light,  and  the  ratio  of  soluble  protein  to 
chlorophyll  was  approximately  one-half 
of  that  in  the  plants  grown  at  High  light. 
The  protein/chlorophyll  ratio  of  the  Low- 
light-grown  Atriplex  is  still  about  3  times 
greater  than  in  the  rainforest  species 
Alocasia  and  Cordyline  (this  Year  Book, 
Table  6). 

The  data  presented  above  indicate  that 
in  Atriplex  the  content  of  chlorophyll  per 
chloroplast  must  be  greater  in  the  plants 
grown  at  Low  light  than  in  those  grown 
at  High  light.  This  is  in  agreement  with 
the   extent   of    granal   development   ob- 


served in  electron  micrographs  of  the 
chloroplasts  and  is  illustrated  in  Fig.  22. 
Chloroplasts  of  leaves  grown  at  Low  light 
are  larger  and  have  a  greater  number  of 
thylakoids  in  their  grana  stacks  than 
those  of  leaves  grown  at  High  light.  It  is 
not  possible  accurately  to  determine 
chloroplast  volumes  and  the  amount  of 
membrane  material  in  relation  to  stroma, 
but  it  is  apparent  from  the  electron 
micrographs  that  there  is  a  greater  vol- 
ume of  stroma  per  chloroplast  volume  in 
the  leaves  grown  at  High  light.  This 
would  correlate  with  the  greater  carboxy- 
dismutase  activity  in  these  leaves  (this 
article,  p.  124)  and  suggests  an  increase  in 
the  capacity  of  the  light-harvesting  sys- 
tem and  a  decrease  in  the  capacity  of  the 
C02-fixing  apparatus  with  decreasing 
light  intensity  during  growth. 

A  comparison  of  the  internal  structure 
of  the  chloroplast  membranes  (this  Year 
Book,  p.  105)  showed  that  the  rainforest 
species  investigated  had  a  considerably 
higher  ratio  of  the  number  of  particles  on 
the  small  to  that  on  the  large  fracture 
face  than  did  High-light-grown  Atriplex. 
As  shown  in  Table  12;  decreased  light 
intensity  during  growth  of  Atriplex  leads 
to  a  small  but  significant  increase  in  this 
ratio  as  well  as  a  decrease  in  the  number 
of  particles  per  unit  area  of  fracture  face. 
However,  the  ratio  in  Atriplex  grown  at 
Low  light  is  still  considerably  lower  than 
in  the  rainforest  species. 

The  effect  of  light  intensity  during 
growth  on  stoinatal  frequency  and  dimen- 
sions of  the  stomatal  apparatus  in  Atri- 
plex is  shown  in  Table  13.  The  number 
of  stomata  per  unit  leaf  area  increased 
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Fig.  22.  Atriplex  patula.  Electron  micrographs  of  chloroplasts  from  leaves  grown  at  High  (A), 
Intermediate  (B),  and  Low  (C)  light  intensity  (X  18,600). 


TABLE  12.  Numbers  of  Particles/ yu.2  of  Freeze-Fracture  Face  in  Chloroplast  Membranes 
from  Atriplex  patula,  Grown  at  Three  Different  Light  Intensities 


Light  Intensity 
during  Growth 


Small-Particle 
Fracture  Face 


Large-Particle 
Fracture  Face 


Ratio, 
Small/Large 


High 

Intermediate 

Low 


4100 
3900 
3800 


2100 
1850 
1650 


1.95 
2.11 
2.30 
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markedly  with  increasing  light  intensity 
during  growth;  there  were  3  times  as 
many  stomata  on  the  upper  epidermis  and 
almost  twice  as  many  on  the  lower  epi- 
dermis in  plants  grown  at  High  light  as 
in  those  grown  at  Low  light.  Contrary  to 
expectations,  the  length  of  the  stomatal 
pore  and  guard  cell  size  did  not  differ 
significantly  among  the  different  light 
treatments.  Thus,  in  this  case,  the  in- 
creased stomatal  frequency  with  in- 
creased light  intensity  during  growth  does 
not  appear,  as  is  commonly  thought 
(Meidner  and  Mansfield,  1968),  to  be 
due  to  an  increase  in  the  number  of  cells 
per  unit  area  as  a  result  of  a  reduction 
in  cell  size. 

These  changes  in  stomatal  frequency 
and  presumably  in  maximum  stomatal 
pore  area  per  unit  leaf  area  are  closely 
correlated  with  the  measured  values  of 
maximum  stomatal  conductance  (this 
article,  p.  118).  It  is  likely,  therefore, 
that  the  increase  in  stomatal  conductance 
of  the  leaves  is  primarily  caused  by  the 
increase  in  stomatal  frequency  rather 
than  by  differences  in  the  mechanism  that 
controls  the  extent  to  which  the  stomata 
open. 

Capacity  of  chloroplast  reactions. 
Chloroplasts  were  isolated  from  Atriplex 
leaves  grown  at  the  three  light  intensities. 
The  leaves  were  blended  in  0.05  M  phos- 
phate buffer,  pH  7.2,  containing  0.3  M 
sucrose  and  0.01  M  KC1  (10  ml  buffer/g 
fresh  wt.  of  leaves)  in  a  Sorval  omni- 
mixer  for  6  sec  at  75%  line  voltage.  The 
mixture  was  filtered  through  two  layers  of 
Miracloth  and  the  chloroplasts  isolated 
by  centrifugation  at  1000  X  g  for  10  min. 
Chloroplast  reactions  were  assayed  as 
described  in  this  Year  Book,  Table  7. 

Light  dependence  curves  for  the  Hill 
reaction  with  DCIP  as  oxidant  and  in 
the  presence  of  methylamine,  an  un- 
coupler  of  photophosphorylation,  are 
shown  in  Fig.  23.  The  same  chlorophyll 
concentration  was  used  in  the  determina- 
tions of  these  light  dependence  curves  so 
that  not  only  the  light-saturated  rates 
but  also  the  shape  of  the  curves  may  be 


HjO-DCIP 
(uncoupled) 
"        25°C 

l           l 

High  light 

-sr 

1.500 

- 

/ 

Intermediate  light 

1.000 

500 

Low  light 

'          i           i           i           i 

i           i 

1          ~  1              1               1 

i 

Light  intensity. nano-Einst.  cm"2  sec"' (400_700nm) 

Fig.  23.  Light  saturation  curves  for  the  DCIP 
reduction  of  chloroplasts  from  A.  patula  grown 
under  different  light  intensities.  Reaction  condi- 
tions as  for  Table  7  (this  Year  Book,  p.  108). 
The  reaction  medium  contained  0.033  M 
methylamine. 


compared  with  one  another.  However, 
the  chlorophyll  concentration  and  optical 
characteristics  of  the  chloroplast  suspen- 
sions are  not  the  same  as  those  of  the 
intact  leaves;  therefore,  direct  compari- 
sons between  the  absolute  light  intensities 
required  to  saturate  various  chloroplast 
reactions  and  those  required  to  saturate 
photosynthesis  of  intact  leaves  cannot  be 
made. 

Clearly,  chloroplasts  from  plants  grown 
at  High  light  require  considerably  higher 
light  intensity  for  saturation  of  DCIP 
reduction  than  chloroplasts  from  plants 
grown  at  Intermediate  and  Low  light  in- 
tensity. The  light-saturated  DCIP  re- 
duction rate  of  the  High  light  chloro- 
plasts is  1.6  times  greater  than  that  of 
Intermediate  light  chloroplasts  and  over 
3  times  greater  than  that  of  the  Low  light 
chloroplasts. 

Light-saturated  rates  of  a  number  of 
chloroplast  reactions  are  compared  with 
the  light-saturated  rates  for  C02  uptake 
by  intact  leaves  in  Table  14.  The  capa- 
city of  the  chloroplast  reactions,  both 
photosystem  1  and  photosystem  2,  depend 
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on  the  light  intensity  under  which  the 
plants  were  grown.  High  light  chloro- 
plasts  are  1.5  times  more  active  on  a 
chlorophyll  basis  than  the  Intermediate 
light  chloroplasts  and  2-4-fold  more  ac- 
tive than  the  Low  light  chloroplasts.  This 
increase  in  the  photochemical  capacity  of 
the  chloroplasts  with  increasing  light 
intensity  for  growth  applies  to  both 
photosystem  1  and  photosystem  2  reac- 
tions, and  it  reflects  the  increased  capa- 
city for  C02  uptake  in  intact  leaves.  An 
interesting  result  concerns  the  levels  of 
carboxydismutase.  Assays  of  carboxy- 
dismutase  in  leaf  extracts  at  saturating 
concentrations  of  bicarbonate  ion  and 
ribulose  1,5-diphosphate  indicate  a  3.4- 
fold  higher  activity  for  the  High  light 
plar*  when  compared  with  the  Interme- 
diate light  plant.  Thus,  the  differences  in 
photosynthetic  capacity  for  C02  uptake 
of  intact  leaves  are  reflected  both  in  capa- 
cities of  the  chloroplast  reactions  and  the 
levels  of  the  carboxylation  enzyme. 

Quantum  yield.  Measurements  of  the 
quantum  yield  of  the  Hill  reaction  of 
uncoupled  chloroplasts  with  DCIP  as 
oxidant  demonstrated  that  there  was  no 
marked  difference  in  the  photochemical 
efficiency  of  High,  Intermediate,  and  Low 
light  chloroplasts  at  rate-limiting  light 
intensities  (Fig.  24) .  A  mean  quantum 
yield  of  0.36  /j.eq.  DCIP  einstein"1  was 
obtained ;  this  compares  with  a  quantum 
yield  of  0.081  ^mole  C02  (0.32  /xeq.) 
einstein-1  for  C02  uptake  by  intact  leaves 
of  Atriplex  patula  grown  at  High,  Inter- 
mediate, and  Low  light. 

P700  and  cytochromes.  We  have  ex- 
amined the  effect  of  light  intensity  dur- 
ing growth  on  the  contents  of  P700  and 
the  cytochromes  of  the  photosynthetic 
electron  transport  chain.  Molar  ratios 
of  chl/P700  and  chl/cyt  are  given  in 
Table  15.  Determinations  of  P700  by  the 
chemical  method  were  higher  than  the 
corresponding  values  obtained  by  the 
photochemical  method.  A  comparison  of 
High,  Intermediate,  and  Low  light  chloro- 
plasts indicates  no  significant  differences 


£  0.03 


^    0.01 


Mean  quantum  yield 
=  0.36eq  DCIP  Einst:1 


0  0.025  0.050  0.100 

Light  absorbed, nancrEinst.  cm"2sec"'  (655nm) 

Fig.  24.  Quantum  yield  of  DCIP  reduction  in 
chloroplasts  from  A.  patula  grown  at  different 
light  intensities.  Wavelength  of  actinic  light, 
655  nm. 


in  the  chl/P700  molar  ratios  as  deter- 
mined by  the  chemical  method.  The 
photochemical  method  gave  a  slightly 
higher  content  of  P700  in  the  High  light 
chloroplasts.  Taken  as  a  whole,  however, 
the  molar  ratios  in  Table  15  suggest  that 
there  is  no  significant  difference  in  the 
chl/P700  ratio  among  High,  Intermedi- 
ate, and  Low  light  chloroplasts. 

In  contrast,  the  High  light  chloroplasts 
contained  twice  as  much  of  cytochrome  / 
as  the  Low  light  chloroplasts  and  1.5 
times  more  than  the  Intermediate  light 
chloroplasts  when  compared  on  a  chloro- 
phyll basis.  The  contents  of  cytochrome 
6-559  and  bG  of  the  High  light  chloro- 
plasts were  approximately  1.5  times 
higher  than  those  of  the  Low  light  chloro- 
plasts and  1.1  times  higher  than  those  of 
the  Intermediate  light  chloroplasts. 

Photooxidation  of  cytochrome  f.  Cyto- 
chrome /  is  oxidized  by  photosystem  1 
and  reduced  by  photosystem  2.  In  com- 
paring the  extent  of  photooxidation  of 
cytochrome  /  in  High,  Intermediate,  and 
Low  light  chloroplasts,  we  added  DCMU 
(1  X  10"5M)  to  inhibit  the  photoreduc- 
tion  by  photosystem  2.  Sodium  ascorbate 
(2.8  X  10"3M)  was  also  added  to  the  re- 
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550  560 

Wavelength, nm 


570 


Fig.  25.  Light  minus  dark  difference  spectra 
of  chloroplasts  from  A.  patula  grown  under 
High  light  intensity.  DCMU  (1  X  lO^Af)  was 
added  to  the  suspension  medium.  Broken  line: 
in  the  presence  of  2.8  X  10"3  sodium  ascorbate, 
reference  wavelength,  570  nm.  Solid  line:  in  the 
presence  of  2.8  X  10"3M  ferricyanide,  reference 
wavelength,  540  nm. 


action  mixture.  Light-induced  absorb- 
ance  changes  were  measured  in  an 
Aminco-Chance  dual-wavelength  spectro- 
photometer equipped  with  a  side  illumi- 
nation attachment.  The  light  minus  dark 
difference  spectrum  of  High  light  chloro- 
plasts is  shown  by  the  broken  line  in 
Fig.  25.  The  trough  is  at  554  nm,  which' 
coincides  with  the  a-band  of  cytochrome 
/.  Similar  spectra  were  obtained  with 
Low  and  Intermediate  light  chloroplasts. 
The  extents  of  photooxidation  of  cyto- 
chrome /  are  given  in  Table  16,  together 


with  the  total  amounts  of  cytochrome  / 
in  the  chloroplasts  as  determined  from 
reduced  minus  oxidized  difference  spectra. 
Of  the  cytochrome  /  present  in  a  chloro- 
plast  preparation  about  30%  is  photo- 
oxidized,  and  this  proportion  was  not 
increased  further  by  higher  intensities  of 
actinic  light.  The  extent  of  cytochrome  / 
photooxidation  at  saturating  actinic  light 
increased  with  the  light  intensity  during 
growth,  and  it  appears  to  reflect  the  in- 
creased content  of  cytochrome  /  (Table 
15). 

Photooxidation  of  cytochrome  f  in  in- 
tact leaves.  We  also  measured  the  photo- 
oxidation of  cytochrome  /  in  intact  leaves 
of  A.  patula.  Leaves  were  harvested  in 
the  light,  quickly  immersed  in  a  solution 
of  DCMU  (1  X  10'5M),  and  transferred 
to  a  desiccator.  The  leaves  were  covered 
with  wire  mesh  to  prevent  them  from 
rising  to  the  surface  of  the  liquid  when 
the  vacuum  was  applied.  After  vacuum 
infiltration  of  the  DCMU  solution,  a 
rectangular  piece  was  cut  from  a  leaf  and 
mounted  between  two  pieces  of  Plexi- 
glas  in  a  cuvette  containing  DCMU  solu- 
tion. Photooxidation  of  cytochrome  /  in 
the  leaf  piece  was  measured  in  an 
Aminco-Chance  dual-wavelength  spectro- 
photometer (Hiller  and  Boardman,  1971) . 

Light  minus  dark  difference  spectra  of 
leaves  grown  under  High,  Intermediate, 
and  Low  light  intensities  are  shown  in 


TABLE  16.    Photooxidation  of  Cytochrome  /  by  Isolated  Chloroplasts*  of 
Atriplex  patula  Grown  at  Three  Different  Light  Intensities 


Light  Intensity 
during  Growth 


Extent  of  Cytochrome  / 
Oxidation 


Cytochrome  /  Content 


nmole  ml-1 


High 

0.065 

Intermediate 

0.051 

Low 

0.029 

High/Low 

(2.3) 

High/Intermediate 

(1.3) 

0.17 
0.13 
0.10 


*  Chloroplasts  were  suspended  in  0.5  M  phosphate  buffer,  pH  7.2,  with  0.3  M  sucrose. 
Chlorophyll  concentration,  60  /ug/ml.  Intensity  of  actinic  red  light  (Corning  2-64  filter, 
X  >  660  nm)  1  X  10s  erg  cm"2  sec"1.  Cytochrome  /  oxidation  was  measured  at  554  nm; 
reference  wavelength  was  570  nm. 
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530 


540  550 

Wavelength, nm 


560 


Fig.  26.  Light  minus  dark  difference  spectra 
of  A.  patula  leaves  infiltrated  with  1  X  10~5M 
DCMU.  Saturating  actinic  light  (>  660  nm, 
Corning  2-64  filter).  Conditions  as  for  Table  17. 


Fig.  26.  All  spectra  show  a  trough  at  554 
nm  due  to  the  photooxidation  of  cyto- 
chrome f,  but  there  is  no  evidence  for  a 
band  at  559  nm  due  to  cytochrome  6-559. 
We  conclude,  therefore,  that  there  is 
little,  if  any,  photooxidation  of  cyto- 
chrome 6-559  by  photosystem  1  in  leaves 


of  A.  patula  at  room  temperature.  If 
leaves  were  infiltrated  in  the  absence  of 
DCMU,  the  extent  of  cytochrome  / 
photooxidation  was  much  greater  in  714- 
nm  light  (photosystem  1)  than  in  655-nm 
light  or  in  red  light  (Corning  2-64  filter) . 

The  extent  of  photooxidation  of  cyto- 
chrome /  under  saturating  actinic  light 
was  dependent  on  the  light  intensity  dur- 
ing growth  (Table  17) .  In  leaves  grown 
at  High  light  the  photooxidation  of  cyto- 
chrome /  was  3.3-fold  higher  than  in 
leaves  grown  at  Low  light  and  1.7-fold 
higher  than  in  leaves  grown  under  Inter- 
mediate light.  Table  17  also  shows  the 
contents  of  cytochrome  /,  calculated  from 
the  amounts  of  chlorophyll  per  unit 
area  of  leaf  surface,  and  the  molar  ratios 
of  chl/cyt  /  in  isolated  chloroplasts 
(Table  15).  The  extent  of  cytochrome  / 
photooxidation  accounts  for  85%  of  the 
total  cytochrome  /  in  a  leaf  grown  under 
High  light  intensity  and  about  50%  of 
the  cytochrome  /  of  Low-light  leaf.  It  is 
apparent  from  Table  17  that  the  varia- 
tions of  cytochrome  /  photooxidation  do 
not  merely  reflect  the  differences  in  cyto- 
chrome /  content. 

Initial  rates  of  photooxidation  of  cyto- 
chrome /  were  also  measured.  For  these 
rate  measurements  monochromatic  light 
(655  nm)  of  lower  intensity  was  used  so 
that  the  rate  of  photooxidation  was  pro- 
portional to  light  intensity.    There  were 


TABLE  17.  Photooxidation  of  Cytochrome  /  in  Intact  Leaves  of  Atriplex  patula 
after  Treatment  with  DCMU 


Light  Intensity 
during  Growth 

Cytochrome  /  Oxidation 

Cytochrome  /  Content 
nmole  cm-2 

Initial  Rate* 
(nmole  cm-2  sec-1) 

Extentf 
nmole  cm-2 

High 

Intermediate 

Low 

High/Low 

High/Intermediate 

0.037 
0.042 
0.035 

0.12 

0.072 

0.036 

(3.3) 
(1.7) 

0.14 
0.11 
0.07 

*  Measured  at  lower  limiting  light  intensity. 

t  Average  of  6  leaves  of  each  light  treatment.  Intensity  of  actinic  red  light  (Corning 
2-64  filter),  1  X  10e  erg  cm"2  sec"1.  Oxidation  of  cytochrome  /  was  measured  at  554  nm 
with  reference  wavelength  at  570  nm. 
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no  significant  differences  in  the  initial 
rate  of  cytochrome  /  photooxidation 
among  leaves  grown  at  the  different  light 
intensities,  which  is  in  agreement  with 
their  similar  quantum  yields  both  for  C02 
uptake  by  intact  leaves  and  for  the 
DCIP-Hill  reaction  by  isolated  chloro- 
plasts. 

Photor -eduction  of  C-550  in  chloro- 
plasts  at  room  temperature.  Knaff  and 
Arnon  (1969)  discovered  a  light-induced 
absorbance  decrease  at  550  nm  in  chloro- 
plasts  in  the  presence  of  ferricyanide. 
The  change  was  driven  by  light  absorbed 
by  photosystem  2,  and  it  also  occurred  at 
liquid  nitrogen  temperature.  Knaff  and 
Arnon  suggested  that  the  decrease  in  ab- 
sorbance was  due  to  the  photoreduction 
of  a  component  (called  C-550)  in  photo- 
system  2. 

We  have  examined  the  photoreduction 
of  C-550  in  chloroplasts  from  Atriplex 
patula  grown  under  different  light  inten- 
sities. Measurements  at  room  tempera- 
ture were  made  in  an  Aminco-Chance 
dual-wavelength  spectrophotometer.  Fer- 
ricyanide was  added  to  eliminate  the 
photooxidation  of  cytochrome  /,  which 
would  obscure  the  absorbance  decrease 
due  to  C-550.  A  light  minus  dark  differ- 
ence spectrum  of  High-light  chloroplasts 
is  shown  by  the  solid  line  in  Fig.  25.  The 
trough  is  at  551  nm  and  the  spectrum 
resembles  that  of  C-550  (Knaff  and 
Arnon,  1969).    Similar  spectra  were  ob- 


TABLE  18.  Photoreduction  of  C-550  in  Chloro- 
plasts at  Room  Temperature  in  Atriplex  patula 
Grown  at  Three  Different  Light  Intensities 


Light  Intensity 
during  Growth 


Extent  of  Absorbance 

Change  at  550  nm 

(AA  X  104) 


High 

Intermediate 

Low 

High /Low 

High/Intermediate 


9.4 
8.4 
5.0 
(1.9) 
(1.1) 


Conditions  as  for  Table  16.  The  photooxida- 
tion of  C-550  was  measured  at  550  nm,  with  ref- 
erence wavelength  at  540  nm. 


tained  with  chloroplasts  from  plants 
grown  under  Low  and  Intermediate  light 
intensities.  The  extent  of  the  absorbance 
change  at  550  nm  is  given  in  Table  18. 
Twice  as  much  C-550  was  photoreduced 
in  the  High-light  chloroplasts  as  in  the 
Low-light  chloroplasts. 

Photoreduction  of  C-550  and  photo- 
oxidation of  cytochrome  b-559  at  liquid 
nitrogen  temperature.  In  addition  to  the 
photoreduction  of  C-550  at  liquid  nitro- 
gen temperature,  Knaff  and  Arnon  (1969) 
demonstrated  a  photooxidation  of  cyto- 
chrome 6-559,  both  changes  being  driven 
by  photosystem  2.  Further  work  sug- 
gested that  C-550  may  be  identical  with 
the  fluorescence  quencher,  Q,  and  that  C- 
550  is  the  electron  acceptor  for  the  photo- 
oxidation of  cytochrome  6-559  at  77  °K 
(Boardman  et  al.,  1971 ;  Erixon  and  But- 
ler, 1971;  Bendall  and  Sofrova,  1971). 

Light  minus  dark  difference  spectra  at 
77  °K  of  chloroplasts  from  Atriplex 
patula  were  recorded  on  a  Cary  14R  re- 
cording spectrophotometer  fitted  with  a 
scattered-transmission  attachment 
(Boardman  et  al.,  1971).  Representative 
spectra  are  shown  in  Fig.  27.  They 
closely  resemble  the  spectra  of  spinach 
and  pea  chloroplasts  (Boardman  et  al., 
1971)  and  show  troughs  at  547  nm  due 
to  the  photoreduction  of  C-550  and  at 
557  nm  due  to  the  photooxidation  of  cyto- 
chrome 6-559.  The  extents  of  the  light- 
induced  absorbance  changes  (Table  19) 
indicate  only  small  differences  between 
the  High-  and  Low-light  chloroplasts. 
The  difference  in  the  extents  of  photo- 
reduction of  C-550  observed  at  room  tem- 
perature is  not  evident  at  77  °K.  The  size 
of  the  absorbance  change  at  557  nm  ap- 
pears to  be  related  to  the  size  of  the 
change  at  547  nm.  Erixon  and  Butler 
(1971)  have  suggested  that  the  amount  of 
cytochrome  6-559  which  is  photooxidized 
at  77  °K  is  limited  by  the  amount  of 
C-550,  and  our  results  are  in  agreement 
with  this  suggestion. 

Fluorescence  kinetics  of  chloroplasts. 
The    fluorescence    kinetics    at    20  °C    of 
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Fig.  27.  Light  minus  dark  difference  spectra 
at  77 °K  of  chloroplasts  from  A.  patula  grown 
under  different  light  intensities.  The  chloro- 
phyll concentrations  were:  High,  478  /*g/ml; 
Intermediate,  435  fig/ml;  Low,  460  ytig/nil.  Op- 
tical pathlength,  2  mm.  The  chloroplasts  were 
illuminated  in  the  Cary  spectrophotometer  for 
3  min  at  650  nm. 


High,  Intermediate,  and  Low  light  chloro- 
plasts from  Atriplex  patula  are  summar- 
ized in  Table  20.  The  lower  values  of 
Fqo/Fq  for  High  and  Intermediate  light 
chloroplasts  as  compared  with  Low  light 
chloroplasts  indicate  a  smaller  degree  of 
reduction  of  the  fluorescence  quencher. 
This  suggests  that  the  High  and  Inter- 
mediate light  chloroplasts  either  have 
smaller  photosynthetic  units  (defined 
here  as  the  number  of  light-harvesting 
pigment  molecules  per  reaction  center) 
or  a  higher  relative  concentration  of  Q  + 
P.  The  Low-light  chloroplasts  of  Atriplex 
patula  have  fluorescence  kinetics  similar 
to  those  of  spinach  chloroplasts.  It  is 
interesting  to  compare  the  Foo/Fq  ratios 
of  Atriplex  patula  with  the  corresponding 
ratio  of  Alocasia  (this  Year  Book,  Fig. 
14).  At  an  equivalent  light  intensity 
(I0  X  1)  Alocasia  chloroplasts  have  a 
higher  ratio  than  even  the  Low-light 
chloroplasts  of  Atriplex  patula. 

The  relative  pool  sizes  of  Q  and  P  in 
High-,  Intermediate-,  and  Low-light 
chloroplasts  were  estimated  from  the 
fluorescence  kinetics  at  — 5°C  (Fig.  28), 
(cf.  this  Year  Book,  p.  111).  From  the 
results  of  four  experiments  it  was  con- 
cluded that  the  chl/(Q  +  P)  ratio  for 
High-light  chloroplasts  was  1.8-fold 
greater  than  for  Low-light  chloroplasts 


TABLE  19.   Photoreduction  of  C-550  and  Photooxidation  of  Cytochrome  b-559  at 

Liquid  Nitrogen  Temperature  in  Chloroplasts  of  Atriplex  patula 

Grown  at  Three  Different  Light  Intensities 


Light  Intensity 
during  Growth 


Extent  of  Absorbance  Change* 
(AA  X  103) 


At  548  nm  (C-550) 


At  557  nm  (cyt  6-559) 


High 

5.2 

Intermediate 

4.1 

Low 

3.8 

High /Low 

(1.4) 

High/Intermediate 

(1.1) 

7.2 
6.0 
6.1 
(1.2) 
(1.2) 


*  Average  of  3  experiments.  Chloroplasts  were  suspended  in  a  solution  containing  62 
parts  by  volume  of  glycerol  and  38  parts  of  0.05  M  phosphate  buffer  (pH  7.2).  The 
chlorophyll  concentration  was  360  /ig/ml  and  the  optical  pathlength  was  2  mm. 
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TABLE  20.   Fluorescence  Kinetics  at  20° C  of  Chloroplasts  from  Atriplex  patula 
Grown  at  Three  Different  Light  Intensities 


Light  Intensity 
during  Growth 


Fluorescence  Amplitude  at  683  nm 


Foo/F0 


Ratio, 


High 

17 

22 

1.4 

15 

63 

4.20 

Intermediate 

18 

25 

1.4 

16 

68 

4.25 

Low 

19 

41 

2.1 

20 

89 

4.45 

Conditions  as  for  Table  15  (rainforest  species).    Fluorescence  excited  at  650  nm  with  intensity 
of  200  ergs  cm"2  sec"1  (I„  XI). 


and  1.2-fold  greater  than  for  Intermedi- 
ate-light chloroplasts.  The  Low-light 
chloroplasts  were  similar  to  spinach  in 
their  kinetic  behavior  at  — 5°C. 

In  contrast  to  the  chl/(Q  +  P)  ratio, 
the  chl/Q  ratio  of  Atriplex  patula  was 


120 


Fig.  28.  Effect  of  light  intensity  during  growth 
on  the  fluorescence  kinetics  of  A.  patula  chloro- 
plasts at  — 5°C.  Conditions  as  for  Fig.  15.  The 
continuous  line  was  obtained  if  the  chloroplasts 
(High,  Intermediate,  or  Low)  were  preillumi- 
nated  at  — 5°C,  returned  to  darkness  at  — 5°C 
for  3  min,  and  illuminated  again  at  — 5°C. 


not  influenced  by  the  intensity  under 
which  the  plants  were  grown.  The  chl/Q 
ratio  of  Atriplex  patula  agrees  closely 
with  the  chl/Q  ratio  of  spinach  and 
Alocasia.  The  High-,  Intermediate-,  and 
Low-light  chloroplasts  of  Atriplex  patula 
gave  identical  fluorescence  kinetics  at 
77°K.  Since  Q  but  not  P  is  reduced  at 
77  °K,  this  result  confirms  the  constancy 
of  the  chl/Q  ratio. 

Photoinhibition  of  chloroplast  reac- 
tions. From  previous  studies  of  the 
kinetics  of  inhibition  of  chloroplast  re- 
actions by  visible  light,  it  was  concluded 
that  the  photoinhibition  is  caused  by  an 
inactivation  of  the  reaction  centers  of 
both  photosystem  1  and  photosystem  2 
as  a  result  of  an  excess  of  excitation  en- 
ergy being  transferred  to  them  from  the 
light-harvesting  system  (Jones  and  Kok, 
1966a,  b).  It  can  therefore  be  expected 
that  sensitivity  to  photoinhibition  would 
increase  with  increasing  number  of  light- 
harvesting  pigment  molecules  per  reac- 
tion center.  On  these  grounds  we  con- 
sidered that  a  comparative  study  of  the 
kinetics  of  photoinhibition  of  chloroplasts 
from  Atriplex  grown  at  High,  Intermedi- 
ate, and  Low  light  and  from  Alocasia 
grown  in  its  native  rainforest  habitat  may 
provide  additional  information  on  the 
relative  amount  of  light-harvesting  pig- 
ment per  reaction  center  in  these  plants. 

Freshly  prepared  chloroplasts  were  sus- 
pended in  0.05  M  phosphate  buffer,  pH 
7.6,  containing  0.3  M  sucrose,  and  0.01  M 
KC1 ;  final  chloroplast  concentration  was 
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equivalent  to  0.1  mg  chlorophyll/ml. 
Three  ml  of  this  suspension  was  added  to 
an  aluminum  vessel  with  an  inner  diam- 
eter of  4  cm,  giving  an  optical  path  length 
of  2.4  mm.  The  vessel  was  thermostated 
so  that  the  suspension  was  kept  constant 
at  2°C  during  exposure  to  photoinhibi- 
tory  light ;  continuous  stirring  with  a  tiny 
magnetic  stirrer,  together  with  the  rela- 
tively short  optical  path  length  and  low 
chlorophyll  concentration,  provided  uni- 
form illumination  of  the  chloroplasts. 
Photoinhibitory  light  in  the  visible  region 
(220  mW  cm"2  »  914  nanoeinsteins  cm"2 
sec"1)  was  provided  from  a  xenon  arc 
source.  Special  measures  were  taken  to 
remove  ultraviolet  and  infrared  radiation 
from  the  light  beam  (p.  116) .  The  chloro- 
plast  suspension  was  illuminated  from 
above  for  predetermined  times,  and  the 
photochemical  activity  of  aliquots  was 
measured  at  25  °C  as  described  in  this 
Year  Book,  Table  7. 

Photoinhibition  of  photosystem  2  was 
studied  by  measuring  the  decline  in  the 
rate  of  the  Hill  reaction  with  DCIP  as 
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Fig.  29.  Light-limited  rate  of  DCIP  photo- 
reduction  as  a  function  of  time  of  predomina- 
tion to  photoinhibitory  light  in  chloroplasts 
from  different  sources. 


electron  acceptor  (in  the  presence  of  the 
uncoupler  methylamine)  as  a  function  of 
preillumination  time  to  photoinhibitory 
light.  The  time  course  of  the  inhibition 
of  the  light-limited  rate  of  DCIP  reduc- 
tion is  shown  in  Fig.  29  and  that  of  the 
light-saturated  rate,  in  Fig.  30.  The  plots, 
which  are  on  a  log-linear  scale,  demon- 
strate that  the  inactivation  of  the  capac- 
ity for  DCIP  reduction  at  both  rate- 
limiting  and  rate-saturating  light  follows 
first-order  kinetics  except  for  some  devia- 
tion at  short  preillumination  times.  These 
results  are  in  agreement  with  the  earlier 
results  of  Jones  and  Kok  (1966a,  b)  with 


200  300 
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Fig.  30.  Light-saturated  rate  of  DCIP  photo- 
reduction  as  a  function  of  time  of  preillumina- 
tion to  photoinhibitory  light  in  chloroplasts 
from  different  sources. 
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spinach  chloroplasts  and  support  their 
conclusion  that  the  photoinhibition  is 
caused  by  an  inactivation  of  the  reaction 
centers. 

Identical  slopes  were  obtained  with 
Atriplex  chloroplasts  from  plants  grown 
at  High,  Intermediate,  and  Low  light  and 
also  with  Alocasia  chloroplasts,  showing 
that  the  first-order  rate  constants  for 
photoinhibition  are  the  same  for  all  of 
the  chloroplasts.  These  results  support 
the  view  that  the  number  of  light- 
harvesting  pigment  molecules  per  reac- 
tion center  is  the  same  in  the  chloroplasts 
we  have  studied. 

Photoinhibition  of  photosystem  1  was 
measured  as  the  decrease  in  the  rate  of 
reduction  of  methyl  viologen  with  re- 
duced TMPD  as  electron  donor  as  a  func- 
tion of  preillumination  time  to  photo- 
inhibitory  light.  Figures  31  and  32  show 
plots  on  a  log-linear  scale  for  the  light- 
limited  and  light-saturated  rates,  respec- 
tively. In  contrast  to  the  DCIP  reduc- 
tion rates,  the  curves  are  not  first  order. 
With  increasing  times  of  preillumination, 
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there  is  a  decline  in  the  rate  of  inactiva- 
tion of  both  the  light-limited  and  the 
light-saturated  capacity  for  electron 
transport  from  TMPD  to  methyl  vio- 
logen. If  the  rate  of  this  transport  is  a 
true  measure  of  photosystem  1  activity 
(as  is  generally  believed),  then  our  re- 
sults indicate  that  a  portion  of  photo- 
system 1  is  resistant  to  photoinhibition. 
One  possibility  is  that  photosystem  1  con- 
tains two  types  of  reaction  centers,  one  of 
which  is  resistant  to  photoinhibition; 
another,  that  chloroplasts  may  contain 
two  types  of  photosystem  1  having  differ- 
ential sensitivity  to  photoinhibition  by 
visible  light. 

AVhatever  the  explanation  for  the  com- 
plex kinetics  of  photoinhibition  of  the 
rate  of  electron  transport  from  TMPD 
to  methyl  viologen,  the  results  give  no 
indication  that  sensitivity  to  this  inhibi- 
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Fig.  31.  Light-limited  rate  of  TMPD  photo- 
oxidation  with  methyl  viologen  as  electron  ac- 
ceptor as  a  function  of  time  of  preillumination 
to  photoinhibitory  light  in  chloroplasts  from 
different  sources. 


Fig.  32.  Light-saturated  rate  of  TMPD  photo- 
oxidation  with  methyl  viologen  as  electron  ac- 
ceptor as  a  function  of  time  of  preillumination 
to  photoinhibitory  light  in  chloroplasts  from 
different  sources. 
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tion  is  greater  in  the  chloroplasts  from 
plants  grown  at  Low  light  than  in  those 
from  plants  grown  at  High  light. 

Discussion  of  photochemical  data.  It  is 
apparent  from  these  studies  that  the  light 
intensity  during  growth  of  A.  patula  has  a 
strong  influence  both  on  the  light  inten- 
sity needed  to  saturate  the  chloroplast 
reactions  and  on  the  saturation  rates. 
The  increase  in  the  photochemical  capac- 
ity of  the  chloroplasts  with  increasing 
light  intensity  during  growth  cannot  be 
explained  by  variation  in  the  size  of  the 
light-harvesting  assemblies.  The  chl/ 
P700  and  chl/Q  ratios  are  not  influenced 
by  light  intensity,  and  photoinhibition  of 
the  Hill  reaction  by  intense  visible  light 
displays  similar  first-order  rate  constants 
for  all  the  chloroplasts,  irrespective  of 
the  light  intensity  during  growth.  The 
content  of  C-550  which  is  photoreducible 
at  liquid-nitrogen  temperature  is  only 
slightly  altered  by  light  intensity.  This 
pool  of  C-550  appears  to  be  closely  as- 
sociated with  the  reaction  center  of 
photosystem  2,  and  therefore  the  relative 
constancy  of  the  chl/C-550  ratio  at  77°K 
is  a  further  indication  that  the  photo- 
synthetic  unit  size  is  not  influenced  by 
light  intensity.  In  contrast  with  the 
measurements  of  C-550  at  77 °K,  the  ex- 
tent of  the  photoreduction  of  C-550  at 
room  temperature  is  about  2-fold  higher 
in  the  High-light  chloroplasts.  This  re- 
sult suggests  that  the  pool  of  C-550  in 
chloroplasts  may  not  be  homogeneous. 

The  2— 3-fold  increase  in  the  reaction 
rates  of  high-  and  low-light  chloroplasts 
pared  with  Low-light  chloroplasts  is 
reflected  in  the  extents  of  cytochrome  / 
photooxidation,  both  in-  intact  leaves  and 
in  isolated  chloroplasts.  The  capacity  of 
the  chloroplast  reactions  in  A.  patula  ap- 
pears to  be  governed  by  the  amounts  of 
some  of  the  carriers  in  the  photosynthetic 
electron  transport  chain.  The  cyto- 
chromes and  pool,  P,  and  the  amount  of 
C-550  photoreducible  at  room  tempera- 
ture are  increased  1.5-2-fold  in  the 
High-light     chloroplasts.      A     collision 


mechanism  for  the  interaction  of  the  car- 
riers of  the  electron  transport  chain  would 
explain  a  3-fold  difference  in  the  reaction 
rates  of  high-  and  low-light  chloroplasts 
(this  Year  Book,  p.  123). 

These  studies  indicate  that  the  light 
intensity  during  growth  has  a  regulatory 
effect  on  the  maximum  rate  of  photo- 
synthetic  electron  transport.  It  appears 
that  this  regulation  is  effected  by  a  varia- 
tion in  the  amounts  of  some  of  the  elec- 
tron carriers.  Thus,  there  is  not  a  con- 
stant stoichiometry  between  the  amounts 
of  P700  and  Q,  and  the  amounts  of  the 
cytochromes  among  the  plants  grown  at 
different  light  intensities.  If  we  assume 
that  there  is  one  P700  per  photosynthetic 
electron  transport  chain,  then  we  must 
conclude  that  the  amounts  of  cytochrome 
/  and  the  6-cytochromes  can  vary  with 
different  environmental  conditions. 

General  conclusions.  It  is  clear  from 
this  study  that  in  a  single  genotype,  light 
intensity  during  growth  affects  the  capac- 
ities of  a  number  of  component  processes 
of  photosynthesis  as  well  as  the  structure 
and  composition  of  the  photosynthetic 
apparatus.  High  light  intensity  during 
growth  results  in  an  increase  in  the  sto- 
matal  conductance  to  C02  diffusion  which 
is  associated  with  an  increased  number  of 
stomata  per  unit  leaf  area.  It  also  leads 
to  an  increased  intrinsic  capacity  for  C02 
fixation  on  the  basis  of  unit  leaf  area  or 
content  of  light-harvesting  pigment;  this 
is  associated  with  greater  amounts  of 
carboxylation  enzyme  and  other  soluble 
proteins,  which  are  in  turn  related  to  both 
an  increased  number  of  chloroplasts  per 
unit  leaf  area  and  an  increased  propor- 
tion of  stroma  per  chloroplast. 

Moreover,  high  light  during  growth 
leads  to  an  increased  capacity  for  light- 
saturated  electron  transport,  and  this 
applies  to  reactions  driven  by  photo- 
system  1  as  well  as  those  driven  by  photo- 
system  2.  This  increased  capacity  per 
mole  of  chlorophyll  is  not  due  to  a  change 
in  the  size  of  the  photosynthetic  unit,  but 
is  related  to  an  increased  content  of  elec- 
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tron  carriers  such  as  cytochrome  /  and  P 
(probably  a  plastoquinone).  It  is  not 
possible  to  point  at  any  single  carrier  as 
being  responsible  for  the  increased  elec- 
tron transport  capacity. 

The  rate  constants  for  photoinhibition 
of  chloroplast  reactions  were  not  greater 
in  plants  grown  at  Low  than  in  those 
grown  at  High  light.  This  result  indicates 
that  the  greater  resistance  to  photo- 
inhibition  in  sun  leaves  as  compared  with 
shade  leaves  (see  Bjorkman  and  Holm- 
gren, 1963;  Bjorkman,  1968)  is  related  to 
their  higher  capacity  for  photosynthesis 
and  electron  transport  at  high  light  in- 
tensities (thus  diverting  more  quanta  for 
photosynthesis)  rather  than  to  fewer 
light-harvesting  pigment  molecules  per 
reaction  center. 

Evidently,  photosynthetic  adaptation 
to  high  light  involves  a  balanced  increase 
in  the  capacity  of  a  number  of  component 
processes — biophysical,  biochemical,  and 
photochemical — so  that  no  single  leaf 
factor  exclusively  limits  the  overall  rate 
of  photosynthesis. 

Adaptation  to  low  light  appears  to  be 
primarily  a  question  of  economics.  The 
capacity  of  the  light-harvesting  system 
(together  with  the  reaction  centers)  is  in- 
creased or  at  least  kept  constant,  whereas 
there  is  a  decrease  in  the  level  of  con- 
stituents of  the  electron  transport  chain 
and  those  involved  in  C02  fixation.  High 
levels  would  be  of  little  use  to  the  plant 
in  low-light  environments.  They  would 
not  be  disadvantageous  per  se,  but  the 
synthesis  and  maintenance  of  such  levels 
would  require  an  increased  expenditure 
of  energy  and  would  result  in  a  greater 
carbon  loss  through  respiration  and  hence 
a  higher  light  compensation  point. 

Growth  of  Atriplex  patula  under  Low 
light  resulted  in  an  increased  develop- 
ment of  the  grana,  an  increased  ratio  of 
light-harvesting  system  to  protein  and  to 
several  components  of  the  electron  trans- 
port chain,  as  well  as  a  lower  respiratory 
rate  and  light  compensation  point,  indi- 
cating  that  the   adaptability  within   a 


given  genotype  is  considerable.  However, 
in  none  of  the  above  characteristics  did 
the  Low-light-grown  Atriplex  come  near 
those  of  the  rainforest  plants.  It  is  true 
that  the  daily  amount  of  light  to  which 
the  latter  plants  were  exposed  in  their 
native  habitat  was  much  lower  than  the 
amount  of  light  received  by  the  Low- 
light-grown  Atriplex,  so  the  light  en- 
vironments are  not  directly  comparable. 
Since  Atriplex  is  incapable  of  growth  at 
light  levels  approaching  those  tolerated 
by  the  rainforest  plants,  comparative 
studies  of  the  photosynthetic  apparatus 
on  plants  grown  at  such  light  levels  are 
impossible.  However,  there  is  strong  evi- 
dence from  the  present  studies  with  rain- 
forest plants  that  photosynthetic  effi- 
ciency is  almost  exclusively  limiting 
growth  at  these  low  light  levels.  It  ap- 
pears likely,  therefore,  that  Atriplex  is 
unable  to  tolerate  these  levels  because  it 
lacks  the  inherent  ability  to  produce  a 
photosynthetic  apparatus  which  is  as 
efficient  at  low  light  as  those  of  the  rain- 
forest plants.  Efficiency  as  used  here  is 
the  rate  of  net  C02  fixation  per  available 
light  quanta  and  must  take  into  account 
the  energy  needed  to  produce  and  main- 
tain the  photosynthetic  apparatus  itself. 
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EVOLUTION    OF    C4    PHOTOSYNTHESIS 


Physiological  and  Biochemical  Char- 
acteristics of  C3and  C±  Atriplex  Species 
and  Hybrids  in  Relation  to  the 
Evolution  of  the  C4  Pathway 

M.  D.  Hatch,1  C.  B.  Osmond,2  J.  H.  Troughton,3 
and  0.  Bjorkman1 

It  is  now  clear  that  species  with  the  C4 
pathway  of  photosynthesis  have  evolved 
from  species  which  photosynthesize  by  the 
conventional  carbon  reduction  cycle  (C3) 
and  that  this  evolution  has  occurred  in- 
dependently in  several  higher  plant  fam- 
ilies probably  in  response  to  selective 
forces  operating  in  hot  arid  or  semi-arid 
habitats.  As  shown  in  previous  reports, 
(Year  Book  69,  p.  629;  Year  Book  70,  p. 
507)  many  of  the  individual  F2  hybrids 
of  a  cross  between  Atriplex  rosea  (C4 
species)  and  Atriplex  patula  ssp.  hastata 
(C3  species)  closely  resemble  the  C4  par- 
ent in  terms  of  both  enzyme  activities  and 
anatomical  characteristics.  However,  in 
none  of  those  examined  so  far  does  the  C4 
pathway  appear  to  be  operating  in  a 
complete  and  integrated  way.  This  is 
reflected  in  the  lower  photosynthetic  rates 
in  air,  and  in  other  physiological  charac- 
teristics consistent  with  the  operation  of 
the  carbon  reduction  cycle  alone.  Even 
though  the  evolution  of  the  C4  pathway 
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would  appear  to  involve  little  genetic 
modification,  the  physiological  effective- 
ness of  the  process  apparently  requires 
complete  coordination  of  all  the  compo- 
nent steps.  It  is  likely,  therefore,  that  the 
lack  or  deficiency  of  particular  enzymes 
or  any  aberration  in  the  intra-  or  inter- 
cellular location  of  these  activities  will 
result  in  a  photosynthetic  performance 
offering  no  selective  advantage  over  the 
C3  parent. 

In  assessing  the  complexity  of  evolu- 
tion of  the  C4  pathway,  one  of  the  key 
questions  is  the  extent  to  which  the  evolu- 
tion of  unique  enzyme  species  is  required. 
Of  the  enzymes  known  to  operate  in  the 
pathway,  only  pyruvate  Pj  dikinase  may 
be  totally  lacking  in  C3  species.  All  of 
the  others  have  functional  counterparts 
in  C3  leaves  and  indeed  in  nongreen  tis- 
sues, where  they  have  specific  roles  in 
nonphotosynthetic  metabolism.  However, 
one  feature  of  these  enzymes  in  C4  species 
is  their  very  high  activity  compared  with 
the  activity  in  other  tissues.  Clearly,  the 
evolution  of  the  C4  pathway  would  be 
more  simply  explained  if  most  or  all  of 
the  increased  enzyme  activity  were  pro- 
vided by  enhancement  of  the  expression 
of  genes  already  present  in  the  C3  ances- 
tor. This  question  was  examined  by  com- 
paring kinetic  properties  and  electro- 
phoretic  mobilities  of  several  key 
enzymes  of  photosynthesis  in  leaf  extracts 
of  various  Atriplex  species  and  hybrids 
from  an  A.  rosea  X  A.  patula  ssp.  hastata 
cross. 

Phosphoenolpyruvate  (PEP)  carboxyl- 
ase was  singled  out  for  particular  atten- 
tion because  of  its  key  role  as  the  enzyme 
responsible  for  the  initial  fixation  of  C02 
in  leaves  of  C4  plants.  It  is  now  clear  that 
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the  primary  carboxylation  by  this  en- 
zyme, as  opposed  to  ribulose  diphosphate 
carboxylase,  is  the  key  factor  in  deter- 
mining the  lower  13C/12C  ratios  in  the 
carbon  assimilated  by  C4  species  com- 
pared with  C3  species  (Year  Book  70,  p. 
508).  Other  recent  studies  have  estab- 
lished that  these  ratios  are  essentially  un- 
affected by  a  variety  of  environmental 
factors  and  are  therefore  simply  a  mani- 
festation of  the  photosynthetic  pathway 
operative  for  COo  assimilation  (this  Year 
Book,  p.  160).  In  the  present  study  the 
isotope  ratio  was  used  to  determine  the 
operative  photosynthetic  pathway  in  in- 
dividuals in  which  characteristics  of 
PEP  carboxylase  and  other  enzymes  were 
examined. 

Plants  were  grown  in  a  mixture  of  per- 
lite  and  vermiculite  in  the  CSIRO  Phyto- 
tron  on  a  27  °C  day/21  °C  night  regime  with 
natural  lighting.  PEP  carboxylase  was 
assayed  spectrophotometrically  by  cou- 
pling to  malate  dehydrogenase.  Aliquots 
of  extracts  from  10  g  of  leaves  in  50  ml 
bicine  buffer  (50  ml)  pH  7.8,  10  mM 
2-mercaptoethanol  and  10  mM  MgCl2 
were  assayed  in  the  same  buffer  contain- 
ing 0.45  mM  PEP.  Under  these  condi- 
tions addition  of  100  mM  NaCl  to  the 
assay  produced  little  inhibition  of  the 
activity  of  the  C3  enzyme  but  pronounced 
inhibition  of  the  C4  enzyme  (Osmond  and 
Green  way,  1972). 

For  studies  on  electrophoretic  patterns 
of  isoenzymes,  1  g  of  leaf  tissue  was 
ground  in  a  mortar  with  sand  and  1.5  ml 
0.1  M  Hepes-NaOH,  pH  8.0,  containing 
10  mM  dithiothreitol  and  1  mM  EDTA. 
Centrifuged  extracts  were  applied  to 
either  Gradipore  polyacrylamide  gels,  a 
4%  to  24%  gradient  gel  (Margolis  and 
Kenrick,  1968)  or  7%  polyacrylamide 
disc  gels  (Davis,  1964).  Aspartate 
aminotransferase  bands  were  detected  as 
described  by  Brewbaker  et  al.  (1968)  and 
PEP  carboxylase,  by  a  modification  of 
this  procedure.  Alanine  aminotransferase 
was  detected  as  nonfluorescing  bands 
(viewed    with    ultraviolet    light)     after 


incubating  gels  with  alanine,  a-ketoglu- 
tarate,  NADH,  and  lactate  dehydro- 
genase. The  procedure  of  Patterson  et  al. 
(1971)  was  used  for  carbonic  anhydrase. 
The  carbon  isotope  ratio  was  determined 
on  dried  leaf  material  by  mass  spectrom- 
etry at  the  Institute  of  Nuclear  Sciences, 
DSIR,  Lower  Hutt,  New  Zealand. 

Studies  on  Atriplex  species.  Table  21 
provides  data  on  the  characteristics  of  the 
leaf  PEP  carboxylase  from  Atriplex 
species  from  a  variety  of  habitats  and 
geographic  regions  and  with  varying 
taxonomic  relationships.  The  difference 
in  isotope  discrimination  and  PEP  car- 
boxylase activities  between  these  C3  and 
C4  species  can  now  be  regarded  as 
invariably  typical  of  all  species  with 
these  photosynthetic  characteristics. 
During  other  studies  it  proved  possible 
to  distinguish  between  the  PEP  carbox- 
ylases from  C3  and  C4  leaves  by  their 
differing  sensitivity  to  NaCl  concentra- 
tion during  assay.  The  enzyme  in  extracts 
from  C4  leaves  was  more  strongly  inhib- 
ited by  NaCl  under  standard  assay  con- 
ditions, reflecting  the  higher  Km  for  PEP 
of  this  enzyme  in  leaves  of  C4  plants, 
compared  with  C3  plants  (Ting  and 
Osmond,  unpublished).  Furthermore, 
acrylamide  gel  electrophoresis  of  extracts 
showed  only  one  band  of  PEP  carbox- 
ylase in  each  species,  and  the  mobility  of 
the  band  was  the  same  in  all  C3  species 
but  differed  from  that  in  the  C4  species. 
Therefore,  lower  salt  inhibition  of  the  C3 
PEP  carboxylase  is  apparently  not  due 
to  a  mixture  of  a  NaCl-insensitive  en- 
zyme with  an  enzyme  of  the  C4  type. 
These  results  indicate  that  a  unique 
species  of  PEP  carboxylase  apparently 
evolved  to  accommodate  the  require- 
ments of  the  C4  pathway. 

Two  electrophoretically  distinct  types 
of  PEP  carboxylase  were  detected  within 
the  group  of  C4  species.  This  raises  the 
possibility  of  the  separate  evolution  of 
the  C4  pathway  within  the  different 
major  subgroups  of  Atriplex.  Those 
species   with   the   Rf   0.39   enzyme    (A. 
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argentea  and  A.  bracteosa)  have  been 
placed  in  the  subgenus  Obione,  whereas 
those  with  the  Rf  0.25  enzyme  have  been 
placed  in  the  subgenus  Euatriplex,  which 
also  includes  C3  species.  These  subgenera 
are  believed  to  have  evolved  from  com- 
mon ancestors  similar  to  A.  hortensis 
(Hall  and  Clements,  1923) . 

Electrophoretic  patterns  obtained  for 
other  enzymes  support  the  conclusion 
that  the  C4  species  in  these  two  groups 
may  have  evolved  independently.  Thus 
A.  bracteosa  and  A.  argentea  were  the  only 
C4  species  with  no  detectable  carbonic 
anhydrase,  and  at  least  some  of  the  quan- 
titatively major  isoenzymes  of  alanine 
aminotransferase  and  aspartate  amino- 
transferase in  these  species  (enzymes  be- 
lieved to  have  an  integral  role  in  C4 
photosynthesis  in  Atriplex  species,  An- 


drews et  al.,  1971)  were  clearly  different 
from  those  in  the  other  C4  species  (Fig. 
33).  The  isoenzyme  patterns  in  Fig.  33 
also  provide  evidence  that  unique  isoen- 
zymes may  have  to  be  evolved  for  opera- 
tion of  the  C4  pathway.  At  least  most  of 
the  quantitatively  major  isoenzymes  of 
the  aminotransferases  in  the  C4  species  do 
not  have  detectable  counterparts  in  C3 
species.  Where  this  is  not  clear  on  Gradi- 
pore  acrylamide  gels  (Fig.  33) ,  additional 
evidence  was  provided  by  co-electro- 
phoresis  of  extracts  on  disc  gel.  Examples 
of  results  from  this  type  of  study  are 
shown  in  Fig.  34. 

Studies  on  Atriplex  hybrids.  Of  the 
hybrids  examined  to  date  none  appear  to 
incorporate  significant  amounts  of  carbon 
via  a  coordinated  C4  pathway  (Year 
Book  69,  p.  632;  Year  Book  70,  p.  507), 
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Fig.  33.  Schematic  representation  of  isoenzyme  patterns  in  leaf  extracts  of  Atriplex  species  and 
A.  rosea  X  A.  patula  hybrids.  Electrophoresis  was  on  Gradipore  acrylamide  slab  gels  (purchased 
from  Townsend  and  Mercer,  Sydney,  Australia)  consisting  of  a  continuous  polyacrylamide  grad- 
ient ranging  from  4%  at  the  top  to  24%  at  the  bottom. 
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Fig.  34.  Isoenzymes  of  aspartate  aminotrans- 
ferase in  leaf  extracts  of  Atriplex  species,  de- 
veloped on  disc  gels  containing  7%  polyacryl- 
amide.  Extracts  from  individual  species  were 
mixed  in  a  1:1  ratio  and  run  as  a  control.  Ab- 
breviations used  for  Atriplex  species  are:  PAT, 
patula  ssp.  hastata;  SAB,  sabulosa;  SPIC, 
spicata;  ROS,  rosea;  GLAB,  glabriuscula. 


even  though  significant  14C02  fixation 
into  C4  acids  does  occur.  As  already  in- 
dicated, the  operation  of  the  carbon 
reduction  cycle  alone  leads  to  a  lower 
ratio  of  13C  to  12C  in  fixed  carbon  than  in 
plants  with  the  C4  pathway.  During  the 
present  study  we  examined  the  Fx  and 
about  40  F2  and  F3  hybrids  from  an  A. 
rosea  X  A.  patula  ssp.  hastata  cross,  and 
in  none  was  the  isotope  discrimination 
markedly  lower  than  that  of  the  C3  par- 
ent (Table  22).  Table  22  also  provides 
some  data  on  hybrids  with  the  extremes 
of  PEP  carboxylase  activity,  together 
with  information  on  the  inhibition  of  this 
activity  by  NaCl  and  the  electrophoretic 
patterns  for  the  enzyme  on  acrylamide 
gel. 

In  the  majority  of  the  hybrids  the  PEP 
carboxylase  isoenzyme  from  both  parents 


TABLE  22.  Carbon  Isotope  Discrimination  and  Characteristics  of  PEP  Carboxylase  in 
Leaves  of  A.  rosea  X  A.  patula  ssp.  hastata  Hybrids 


Carbon  Isotope 

Enzyme  Activity 

Salt  Inhibition 

Electrophoretic 

Plant 

Discrimination, 

/tmole  mg_1 

by  100  ml  NaCl, 

Relation  to 

S  13C,  %0 

chl  min-1 

percent 

Parents 

A. rosea 

-11.1 

8.7 

88 

A. patula 

-25.1 

0.24 

17 

F,  8001/2. 

-21.4 

1.56 

60 

PR* 

F2  8010/1 

0.65 

42 

Pt 

F2  8010/3 

2.54 

53 

Rt 

F2  8010/5 

1.81 

55 

PR 

F2  8010/6 

3.14 

56 

PR 

F3  8003/3 

-25.7 

0.30 

53 

P 

F3  8003/5 

-24.8 

0.23 

37 

absent 

F3  8004/2 

-27.6 

0.73 

64 

PR 

F3  8004/3 

-25.1 

3.24 

63 

R 

F3  8004/7 

-23.4 

3.15 

58 

u§ 

F3  8004/8 

-24.9 

0.91 

61 

PR 

F3  8005/2 

-26.7 

1.84 

68 

R 

F3  8005/21 

-26.4 

0.98 

64 

F3  8006/1 

-26.5 

1.33 

61 

P 

F3  8006/4 

-26.5 

1.17 

62 

PR 

F3  8006/5 

-27.8 

1.17 

63 

F3  8006/24 

-24.8 

0.61 

62 

F3  8006/25 

-25.0 

3.33 

69 

*  Hybrids  with  both  A.  rosea  (R)  and  A.  patula  (P)  PEP  carboxylases. 

t  Predominance  of  the  A.  patula  enzyme. 

t  Predominance  of  the  A.  rosea  enzyme. 

§  Extract  contained  a  unique  PEP  carboxylase  band  (See  Fig.  33). 


140 


CARNEGIE     INSTITUTION 


was  detectable  on  gels,  even  though  the 
total  activity  varied  from  levels  nearly  as 
low  as  that  in  the  C3  parent  to  levels  ap- 
proaching that  in  the  C4  parent.  NaCl 
inhibition  also  varied  between  the  ex- 
tremes for  the  two  parents,  although  most 
values  were  indicative  of  a  proportional 
predominance  of  the  enzyme  from  the  C4 
parent.  The  isotope  discrimination  data 
confirmed  the  earlier  conclusions  based 
on  physiological  studies  that  the  C4  path- 
way made  no  significant  contribution  to 
net  incorporation  of  C02  in  the  hybrids, 
even  when  PEP  carboxylase  activity  was 
high.  In  the  limited  number  of  hybrids 
with  electrophoresis  patterns  predomi- 
nantly like  that  of  A.  rosea,  there  was 
some  correlation  with  higher  total  enzyme 
activity  and  higher  inhibition  by  NaCl. 

Figure  33  provides  examples  of  the 
isoenzyme  patterns  in  hybrids  for  differ- 
ent enzymes.  Generally,  these  results 
were  similar  to  those  obtained  for  PEP 
carboxylase  in  that  most  hybrids  in- 
herited, qualitatively  at  least,  the  char- 
acteristic enzymes  of  both  parents.  Rep- 
resentatives of  the  extremes  are  given 
here.  A  notable  result  was  that  for  PEP 
carboxylase  of  the  F3  individual  8004/7 
in  which  the  major  band  differed  from 
that  in  either  parent.  At  present  we  have 
no  explanation  for  this  observation.  Fig- 
ure 35  shows  some  examples  of  the  most 
extreme  isoenzyme  patterns  obtained  in 
hybrids  for  aspartate  aminotransferase 
on  disc  acrylamide  gels.  Individuals  with 
patterns  closely  resembling  one  or  the 
other  parent  and  others  with  a  combina- 
tion of  isoenzymes  from  both  can  be  seen. 

It  would  be  well  to  emphasize  some  of 
the  limitations  in  interpreting  data  on 
electrophoretic  patterns  for  isoenzymes, 
particularly  with  the  restrictions  imposed 
by  large  surveys  of  this  type.  The  need 
to  use  standard  extraction,  running,  and 
development  procedures  means  that  de- 
tection of  particular  isoenzymes  may  be 
variably  favored,  both  between  different 
individual  plants  and  within  a  group  of 
isoenzymes  from  a  particular  individual. 
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Fig.  35.  Isoenzymes  of  aspartate  aminotrans- 
ferase in  A.  rosea,  A.  patula,  and  their  hybrids; 
run  on  disc  polyacrylamide  gels. 


For  this  and  other  reasons  failure  to  de- 
tect a  particular  isoenzyme  band,  say  a 
parental  band  in  a  hybrid,  cannot  be  re- 
garded as  certain  evidence  for  its  ab- 
sence. Furthermore,  coincidence  of  mo- 
bility of  bands  in  different  individuals 
should  not  be  regarded  as  certain  evi- 
dence for  their  physical  identity.  The 
considerable  variation  in  isoenzyme  pat- 
terns among  individual  hybrids  leaves 
little  doubt  that  most,  or  all,  of  the  iso- 
enzymes are  under  genetic  control.  How- 
ever, precise  conclusions  about  their  qual- 
itative segregation  in  the  F2  and  F3 
populations  are  not  possible  without  ex- 
tensive supplementary  information. 

Conclusions.  The  results  described 
here  favor  the  view  that  at  least  some  of 
the  enzymes  necessary  for  the  operation 
of  the  C4  pathway  are  unique  isoenzyme 
entities  evolved  specifically  for  that  pur- 
pose rather  than  being  derived  by  en- 
hanced expression  of  genes  already  pres- 
ent in  the  C3  ancestor.  Support  for  this 
view  is  provided  by  NaCl  sensitivity  and 
the  electrophoretic  distinction  of  the  PEP 
carboxylases  and  the  major  aminotrans- 
ferases in  C4  species  compared  with  C3 
species.  The  above  view  is  also  supported 
by  the  fact  that  the  various  isoenzymes 
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characteristic  of  C3  and  C4  species  are 
transferred  to  Fi  hybrids  and  then  segre- 
gate in  the  F2  and  F3  individuals.  Iso- 
enzyme patterns  also  suggest  that  the  C4 
pathway  may  have  evolved  independ- 
ently in  the  two  major  subgenera  of 
Atriplex  in  response  to  the  same  basic 
selective  forces  (convergent  evolution). 
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EFFECTS     OF     02     ON     PHOTOSYNTHESIS 


Simultaneous    Measurements    of 
Oxygen  Effects  on  Net  Photo- 
synthesis AND  GLYCOLATE  ME- 
TABOLISM in  C3  and  C4  Species 
of  Atriplex 

C.  B.  Osmond*  and  O.  Bjorkman 


In  recent  years  the  suppression  of  net 
photosynthesis  in  leaves  of  C3  plants  by 
21%  02  has  been  associated  with  inhibi- 
tion of  the  carboxylation  enzyme  and 
with  the  stimulated  production  of  a  sub- 
strate for  photorespiration  yielding  C02. 
The  inhibition  by  21%  02  of  the  ability 
of  ribulose  diphosphate  (RuDP)  carbox- 
ylase to  fix  C02  in  vitro  {Year  Book  70, 
p.  526;  Ogren  and  Bowes,  1971)  and 
an  oxidative  cleavage  of  RuDP  to  yield 
phosphoglycolate,  also  demonstrated 
in  vitro  (Bowes,  et  al.,  1971),  pro- 
vide an  attractively  simple  expla- 
nation for  the  phenomenon.  The  ex- 
periments described  here  were  done  to 
compare  net  C02  fixation  and  the  forma- 
tion of  glycolate  and  its  products  in  vivo 
in  response  to  changes  in  02  concentra- 
tion, C02  concentration,  and  light  inten- 
sity.   From  these   data   we   anticipated 

*  Department  of  Environmental  Biology, 
Australian  National  University,  Canberra,  Aus- 
tralia. 


some  indication  as  to  the  relative  contri- 
bution of  (a)  suppressed  C02  fixation, 
and  (b)  stimulated  formation  of  glycolate 
(and  hence  C02  release)  to  suppression  of 
net  photosynthesis  by  21%  02. 

Two  rather  closely  related  species  of 
Atriplex,  A.  patula  ssp.  hastata  (C3)  and 
A.  rosea  (C4),  were  tested.  Previous 
studies  have  clearly  demonstrated  that 
the  02  suppression  of  net  photosynthesis 
in  A.  patula  ssp.  hastata  at  300  ppm  CO2 
is  reversed  by  high  external  C02  concen- 
trations (Year  Book  70,  p.  520).  In  the 
C4  species  other  studies  have  shown  that 
21%  02  has  no  measurable  effect  on  net 
photosynthesis  at  high  or  low  external 
C02  concentrations  {Year  Book  69,  p. 
640).  The  absence  of  a  measurable  02 
effect  on  net  C02  fixation  in  C4  plants 
may  be  explained  in  many  ways,  and  one 
of  the  more  common  proposals  is  that  of 
refixation  of  photorespiratory  C02  via 
the  photosynthetic  carboxylation  system 
(see  review,  Osmond,  1971).  Both  the 
release  and  the  refixation  of  photorespira- 
tory C02  are  associated  with  additional 
energy  inputs.  Consequently,  when  photo- 
synthesis in  a  C4  plant  is  light  limited, 
generation  and  refixation  of  C02  in  re- 
sponse to  02  would  reduce  energy  avail- 
able for  C02  fixation  and  would  reduce 


142 

the  rate  of  net  photosynthesis.  We  have 
thus  reexamined  the  effect  of  oxygen  on 
the  rate  of  photosynthesis  and  on  the 
products  of  glycolate  metabolism  under 
light-limiting  and  light-saturating  condi- 
tions in  both  species  of  Atriplex  at  limit- 
ing and  saturating  concentrations  of  CO2. 

Plants  were  grown  in  artificially  lit 
cabinets  in  the  CSIRO  Phytotron  on  a 
16-hr  27°  day  8-hr  21°  night  at  a  light 
intensity  of  286  nanoeinsteins  cm"2  sec"1. 
Single  attached  leaves  of  the  potted 
plants  were  placed  in  an  open  gas  flow 
system  of  the  type  used  earlier  (Bjork- 
man  and  Gauhl,  1970)  in  which  C02  and 
water  vapor  exchange  were  monitored 
continuously.  The  concentrations  of  C02, 
14C02,  and  02  in  the  incoming  gas  were 
controlled  by  gas-mixing  pumps  from 
cylinders  of  N2,  02,  and  C02  or  14C02  in 
No.  14C02  in  N2  was  prepared  from  NaH 
14C03  and  adjusted  to  about  1%  14C02, 
exactly  matching  the  concentration  of  the 
12C02  supply  and  containing  approxi- 
mately 550,000  dpm  per  /rniole  of  C02. 
Leaves  were  allowed  to  attain  steady- 
state  photosynthesis  at  an  intermediate 
light  intensity.  Before  proceeding  to  the 
experiment,  a  light-dependence  curve  and 
the  light-saturated  rate  of  photosynthesis 
were  determined  for  that  leaf.  The 
steady-state  rate  of  photosynthesis  was 
then  measured  before  and  during  expo- 
sure to  14C02.  The  total  C02  concentra- 
tion during  the  exposure  to  radioactive 
C02  was  the  same  as  that  before  this 
exposure.  After  exposure  to  radioactive 
C02  for  5  min,  the  leaves  were  excised, 
killed,  and  extracted  in  boiling  80% 
ethanol  and  water.  A  number  of  studies 
show  that  the  accumulation  of  14C  into 
many  photosynthetic  intermediates,  par- 
ticularly those  of  the  glycolate  pathway, 
remains  more  or  less  linear  during  the 
first  5  min  in  14C02  (Atkins  et  al.,  1971 ; 
Fock  et  al.,  1972;  Osmond,  1972).  This 
assumption  is  important  in  relation  to 
the  comparisons  made  below. 

Radioactivity  in  the  soluble  and  the 
insoluble  compounds  was  recovered  after 
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homogenization  of  the  leaf.  The  soluble 
fraction  was  divided  into  amino  com- 
pounds, which  were  separated  by  paper 
electrophoresis,  and  other  compounds, 
which  were  separated  by  rapid  two- 
dimensional  paper  chromatography  (Os- 
mond and  Harris,  1971). 

Table  23  summarizes  the  light  inten- 
sities and  gas  mixtures  used  and  shows 
the  rate  of  net  photosynthesis  measured 
by  infrared  gas  analysis  and  by  14C02 
incorporation.  The  substantial  agreement 
between  the  two  methods  indicates  that  a 
negligible  proportion  of  the  C02  fixed 
during  the  5-min  period  moved  from  the 
leaf.  The  rates  and  responses  of  net 
photosynthesis  to  different  experimental 
conditions  were  similar  to  those  reported 
previously.  Thus,  light  intensity  had 
little  effect  on  the  extent  of  the  suppression 
of  net  photosynthesis  (about  45%  sup- 
pression) by  21%  02  in  leaves  of  A. 
patula  ssp.  hastata  (C3)  in  300  ppm  C02. 
Provision  of  saturating  concentrations  of 
COo  to  leaves  of  this  species  stimulated 
net  photosynthesis  2  to  3  fold  and  abol- 
ished the  02  suppression  of  photosynthe- 
sis in  both  limiting  and  saturating  light 
intensities.  In  leaves  of  A.  rosea  (C4) 
changes  in  02  concentration  or  C02  con- 
centration had  no  marked  effect  on  net 
photosynthesis  at  limiting  or  saturating 
light  intensities.  The  failure  to  detect  an 
effect  of  21%  02  on  net  photosynthesis  in 
this  C4  plant  when  photosynthesis  is  light 
limited  suggests  that  refixation  of  photo- 
respiratory  C02,  if  it  occurs,  is  negligible 
in  relation  to  total  C02  fixation.  The  lack 
of  response  of  photosynthesis  to  an  in- 
crease in  intercellular  C02  concentration 
from  100  to  650  ppm  in  A.  rosea  shows 
that  reactions  leading  to  net  incorpora- 
tion of  carbon  (the  carbon  reduction 
cycle)  are  saturated  with  C02  at  much 
lower  intercellular  C02  concentrations 
than  those  required  in  A.  patula  ssp. 
hastata.  This  observation  is  consistent 
with  the  large  intracellular  pool  of  C02 
recently  demonstrated  in  C4  plants 
(Hatch,  1971). 
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The  incorporation  of  14C  into  products 
of  photosynthesis  is  shown  in  Table  24. 
Data  are  presented  as  /mioles  of  14C  in- 
corporated in  each  compound,  permitting 
quantitative  comparisons  of  the  fate  of 
14C02  under  steady-state  conditions. 
Clear  effects  of  21%  02  on  photosynthetic 
products  are  seen.  21%  02  stimulates  the 
labeling  of  the  products  of  the  glycolate 
pathway  (glycine  and  serine)  in  leaves 
of  C3  and  C4  Atriplex  at  saturating  and 
limiting  C02  concentrations  and  light  in- 
tensities. The  label  in  glycerate  responds 
to  21%  02  in  the  same  way,  suggesting 
that  this  compound  is  predominantly  in 
equilibrium  with  the  glycolate  pathway, 
rather  than  being  derived  from  3-PGA 
by  phosphatase  activity  during  the  kill- 
ing procedure. 

Increasing  the  external  C02  concentra- 
tion had  little  overall  effect  on  the 
amount  of  14C  in  glycolate  pathway  in- 
termediates except  when  combined  with 
2%  02  in  A.  patula  ssp.  hastata.  In 
leaves  of  this  species  a  substantial  inhibi- 
tion in  the  labeling  of  glycolate  accom- 
panied the  increase  in  intercellular  C02 
concentration  at  limiting  and  saturating 
lighu  intensities  and  in  2%  or  21%  02. 
There  was  no  significant  response  of  gly- 
colate labeling  to  C02  concentration  in  C4 
A.  rosea.  This  could  be  due  to  insensitiv- 
ity  of  glycolate  synthesis  to  C02  concen- 
tration or  to  the  presence  of  an  in  vivo 
C02-concentrating  mechanism  in  the 
bundle  cells  of  C4  plants  (Hatch,  1971). 

The  extent  of  glycolate  production  in 
C4  versus  C3  species  has  provoked  much 
discussion,  largely  founded  on  uncritical 
data  (see  review,  Osmond,  1971).  Failure 
to  take  into  account  differences  in  the 
rate  of  C02  fixation  (for  example,  ex- 
pressing the  data  as  percentage  distribu- 
tion alone)  may  obscure  quantitative  dif- 
ferences. In  the  present  experiments  the 
leaves  of  the  C4  plant  contained  more 
14C  in  glycolate  pathway  compounds 
than  those  of  the  C3  plant  under  the  same 
conditions,  but  this  is  a  lower  percentage 
of  total  14C  incorporated.  Quantitatively, 
these  two  C3  and  C4  Atriplex  species  are 


similar  (Table  24) .  One  distinguishing 
feature  of  the  C4  species,  particularly  in 
high  light,  is  that  the  ratio  of  label  in 
glycine  to  that  in  serine  is  considerably 
greater  than  in  the  C3  species.  This  dis- 
tinction may  reflect  the  impaired  conden- 
sation of  glycine  to  serine  believed  to  be 
common  to  C4  plants  (Osmond,  1972) . 

In  C3  A.  patula  ssp.  hastata,  21%  02 
suppresses  the  labeling  of  nearly  all  com- 
pounds listed  in  Table  24  other  than  those 
of  the  glycolate  pathway.  This  suppres- 
sion is  overcome  when  intercellular  C02 
is  increased  to  700-900  ppm.  In  C4  A. 
rosea,  on  the  other  hand,  21%  02  had 
little  influence  on  the  labeling  of  com- 
pounds other  than  glycine  and  serine. 

These  data  show  that  the  interactions 
of  02  and  C02  on  net  photosynthesis  can 
be  dissociated  to  some  extent  from  the 
interactions  of  02  and  C02  on  glycolate 
metabolism.  In  leaves  of  A.  rosea  an 
increase  in  intercellular  C02  concentra- 
tion or  02  concentration  did  not  signifi- 
cantly influence  net  photosynthesis,  but 
21%  02  at  either  low  or  high  C02  con- 
centration stimulated  the  labeling  of 
glycolate  pathway  intermediates.  In  the 
absence  of  kinetic  data  it  is  impossible 
to  assess  the  flow  of  carbon  through  these 
intermediates  or  the  amount  of  14C02 
which  may  have  been  released  in  the 
glycine  to  serine  condensation.  However, 
the  stimulated  labeling  of  glycolate  path- 
way intermediates  by  21%  02  and  the 
resulting  release  of  14C02  are  either  not 
quantitatively  significant  in  relation  to 
net  C02  fixation,  or  refixation  by  PEP 
carboxylase  in  the  mesophyll  cells  of  the 
14C02  evolved  from  the  bundle  sheath 
cells  is  an  important  component  of  carbon 
flow  in  A.  rosea.  There  is  no  indication  of 
an  increased  energy  demand  due  to  such 
refixation  of  photorespiratory  C02  when 
A.  rosea  and  several  other  C4  species  are 
photosynthesizing  under  light-limited 
conditions,  suggesting  that  photorespira- 
tory C02  evolution  by  the  bundle  sheath 
cells  and  refixation  are  negligible  in  C4 
plants  ( Year  Book  70,  p.  525) .  The  stimu- 
lated labeling  of  glycolate  pathway  inter- 
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mediates  in  the  presence  of  21%  O2,  al- 
though clearly  seen  in  C4  A.  rosea  and  in 
C4  Zea  mays  (Fock  et  al.,  1972),  evi- 
dently does  not  produce  significant  effects 
on  net  photosynthesis. 

On  the  other  hand,  in  leaves  of  C3  A. 
patida  ssp.  hastata  in  300  ppm  C02,  21% 
O2  suppresses  net  photosynthesis  by  35% 
at  limiting  and  saturating  light  inten- 
sities. This  suppression  is  accompanied 
by  a  stimulation  in  the  labeling  of  gly  colate 
pathway  intermediates  in  21%  02  similar 
to  that  noted  for  A.  rosea.  The  familiar 
question  now  arises  as  to  whether  this 
stimulation  in  labeling  reflects  a  sufficient 
increase  in  carbon  flow  through  the  gly- 
colate  pathway  and  subsequent  release  of 
C02  to  account  for  the  observed  depres- 
sion of  net  photosynthesis. 

At  300  ppm  C02  and  saturating  light, 
21%  02  is  responsible  for  a  reduction  of 
14.2  /xmoles  of  14C  fixed  by  A.  patula  ssp. 
hastata  leaves  in  these  experiments.  If 
the  condensation  of  glycine  to  serine  is 
the  only  site  of  photorespiratory  C02 
release  (Tolbert,  1971),  25%  of  the  car- 
bon in  uniformly  labeled  glycolate  would 
be  evolved;  56.8  /xmoles  of  14C  must  then 
pass  through  glycolate  to  account  for  the 
disparity  between  14C  fixed  in  21%  02 
and  2%  O2.  Such  extremely  high  rates  of 
carbon  flowing  through  the  glycolate 
pathway  are  inconsistent  with  experi- 
mental results;  and  moreover,  the  56.8 
pinoles  of  14C02  exceeds  the  total  14C02 
fixed  even  in  2%  02.  The  suggestion  that 
the  effect  of  21%  02  on  net  photosynthe- 
sis in  A.  patula  ssp.  hastata  is  largely  due 
to  the  release  of  photorespiratory  C02  is 
therefore  untenable. 

When  the  intercellular  concentration  of 
CO2  in  C3  A.  patula  ssp.  hastata  leaves 
is  increased  to  700  ppm,  the  suppression 
of  photosynthesis  is  abolished.  However, 
the  labeling  of  glycolate  pathway  inter- 
mediates remains  sensitive  to  02  concen- 
tration, and  the  relationship  between  02 
effect  on  photosynthesis  and  the  labeling 
of  intermediates  is  essentially  identical 
to  that  found  in  C4  A.  rosea. 

Conclusions.  The  production  of  glyco- 


late and  the  subsequent  release  of  C02 
in  photorespiration  is  probably  a  minor 
component  of  the  02  effect  on  net  C02 
fixation  in  300  ppm  CO2  in  normal  light 
in  the  C3  species  Atriplex  patula  ssp. 
hastata.  It  is  clear  that  in  both  this 
species  and  in  the  C4  species  Atriplex 
rosea  the  labeling  of  glycolate  pathway 
intermediates  is  stimulated  by  21%  02 
independently  of  all  other  conditions. 
Thus  we  agree  substantially  with  Ludwig 
and  Canvin  (1971 );  who  found  that  C02 
release  in  photorespiration  is  independent 
of  C02  concentration  in  C3  plants  and 
that  C02  release  from  the  glycolate  path- 
way is  a  minor  component  of  the  O2  effect 
on  C02  fixation  at  normal  C02  concentra- 
tions. This  gives  indirect  support  to  the 
postulate  that  02  has  a  direct  effect  on 
photosynthesis,  perhaps  by  inhibiting 
RuDP  carboxylase  (this  Year  Book,  p. 
156). 

The  data  consistently  show  that  in- 
creased internal  C02  concentration, 
whether  it  be  due  to  high  external  C02 
concentration  in  A.  patula  ssp.  hastata  or 
a  C02-concentrating  mechanism  in  A. 
rosea,  abolishes  the  inhibition  of  CO2 
fixation  by  21%  02,  but  does  not  prevent 
an  02  effect  on  intermediates  of  the  glyco- 
late pathway.  The  effects  of  O2  on  these 
intermediates  in  the  C4  species  are  similar 
to  those  which  occur  with  the  C3  species 
at  high  C02  concentration.  While  we  do 
not  dispute  that  photorespiratory  CO2 
might  be  refixed  in  C4  plants,  we  could 
not  detect  an  increased  energy  require- 
ment of  photosynthesis  due  to  this 
refixation,  and  we  do  not  believe  that  re- 
fixation  has  a  significant  effect  on  photo- 
synthesis at  normal  C02  concentration, 
even  at  high  light  intensity. 

The  metabolic  machinery  of  the  glyco- 
late pathway,  associated  with  the  per- 
oxisome, is  found  to  some  degree  in  most 
photosynthetic  organisms.  The  function 
of  the  complex  organization  specifically 
developed  to  metabolize  photosyntheti- 
cally  produced  glycolate  has  been 
subject  to  much  speculation  (see  review 
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by  Tolbert,  1971).  The  present  experi- 
ments, together  with  those  of  Atkins  et  al., 
1971,  and  Ludwig  and  Canvin,  1971, 
minimize  the  role  of  this  organization  in 
the  suppression  of  C3  photosynthesis  in 
300  ppm  C02  and  21%  02.  However,  in 
21%  O2  and  at  low  intercellular  C02  con- 
centrations, C02  release  from  the  glyco- 
late  pathway  may  account  for  a  more 
significant  portion  of  the  suppression  of 
C3  photosynthesis  (Ludwig  and  Canvin, 
1971),  and  it  may  be  responsible  for  the 
positive  CO2  compensation  point  in  these 


species.  In  natural  habitats  with  high 
irradiance  and  water  stress,  stomata  are 
often  closed.  As  a  result,  the  C02  supply 
becomes  severely  restricted,  and  the  C02 
concentration  in  the  intercellular  spaces 
and  the  consumption  of  photoreductants 
fall  to  a  very  low  level.  At  the  same  time, 
the  absorption  of  light  quanta  by  the 
photosystems  would  continue  at  an  un- 
diminished rate,  and  there  would  be  a 
vast  excess  of  excitation  energy  which 
would  lead  to  a  destruction  of  the  re- 
action centers  of  the  photosystems  (this 
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Fig.  36.  Proposed  operation  of  the  carbon  reduction  cycle  under  conditions  of  normal  and  re- 
stricted C02  supply  in  21%  02. 
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Year  Book,  p.  130).  The  production  of 
glycolate  from  RuDP  by  RuDP  carbox- 
ylase in  21%  02  and  low  C02  provides 
one  mechanism  whereby  much  of  the  en- 
ergy input  normally  associated  with  net 
C02  fixation  can  be  consumed  without 
net  carbon  gain.  As  shown  in  Fig.  36,  the 
glycolate  pathway  makes  it  possible  for 
the  carbon  reduction  cycle  to  turnover 
without  net  gain  of  carbon  with  the 
normal  input  of  photochemical  energy 
per  turn  of  the  cycle.  Accepting  that  both 
Cm  and  C4  plants  may  frequently  en- 
counter such  conditions,  it  seems  very 
likely  that  both  types  of  plants  would 
make  use  of  this  suggested  function  of 
the  peroxisome-associated  glycolate  path- 
way. 
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The  Effect  of  Oxygen  on  Photosyn- 
thesis and  Glycolate  Excretion  in 
Chlamydomonas  reinhardtii 

George  Bowes  and  Joseph  A.  Berry 

Oxygen  is  an  effective  inhibitor  of 
photosynthetic  C02  fixation  in  algae  and 
C3  species  of  higher  plants.  Although  this 
inhibition  may  be  a  fundamental  meta- 
bolic characteristic  associated  with  the  C3 
photosynthetic  pathway,  a  molecular 
basis  for  it  has  yet  to  be  unequivocally 
established.  The  key  to  understanding 
the  effects  of  02  in  vivo  may  be  the  dis- 
covery that  02  both  inhibits  and  reacts 
with  the  C02  fixation  enzyme  ribulose- 
1,5-diphosphate  (RuDP)  carboxylase 
isolated  from  higher  plants.  Also,  if  the 
observed  effects  are  an  inevitable  con- 
sequence of  the  carboxylation  reaction, 
then  other  organisms  that  use  RuDP  car- 
boxylase may  be  affected  by  02  in  much 
the  same  way  as  higher  plants. 

In  C3  species  of  higher  plants,  where 
the  effect  has  been  extensively  investi- 
gated, atmospheric  02  levels  inhibit  light- 
saturated  and  light-limited  photosynthe- 
sis. At  saturating  light  intensities  photo- 
synthesis by  plants  appears  to  be  rate 
limited  by  the  initial  carboxylation  step. 
In  this  respect  02  has  been  shown  to 
inhibit  C02  fixation  by  RuDP  carbox- 
ylase isolated  from  higher  plants,  prob- 
ably by  competing  with  C02  for  binding 
to  the  same  site  on  the  enzyme  (Ogren 
and  Bowes,  1971 ;  Bowes  and  Ogren,  1972 ; 
Year  Book  70,  p.  528) .  A  similar  com- 
petitive inhibition  of  photosynthesis  is 
obtained  in  vivo  at  saturating  light  in- 
tensities with  leaves  of  higher  plants 
(Year  Book  70,  p.  524). 

At  limiting  light  intensities  Bjorkman 
has  suggested  (Year  Book  70,  p.  525) 
that  02  stimulation  of  photorespiration 
could  be  the  factor  causing  inhibition  of 
photosynthesis  (see  also  Hall,  Year  Book 
70,  p.  530).  Studies  with  RuDP  carbox- 
ylase also  indicate  that  it  catalyzes  an 
alternative  reaction  which  results  in  an 
oxidative  cleavage  of  RuDP  to  phospho- 
gly cerate  and  phosphoglycolate    (Bowes 
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et  al,  1971;  Lorimer  et  al,  1972).  The 
latter  is  probably  the  compound  metabo- 
lized in  photorespiration  (Randall  and 
Tolbert,  1971).  Other  mechanisms  to  ac- 
count for  02  inhibition  have  been  pro- 
posed (Coombs  and  AVhittingham,  1966; 
Gibbs,  1969),  and  in  vitro  glycolate  for- 
mation can  occur  with  illuminated  chloro- 
plast  fragments  (Gibbs,  1969)  apparently 
by  oxidation  of  the  intermediate  of  the 
transketolase  reaction. 

The  current  hypothesis  under  examina- 
tion is  that  02  influences  in  vivo  photo- 
synthesis via  a  direct  inhibition  of  RuDP 
carboxylase  and/or  the  formation  and 
metabolism  of  phosphoglycolate.  The  gas 
exchange  kinetics  of  02  inhibition  of  net 
photosynthesis  in  leaves  of  C3  plants  are 
in  good  agreement  with  this  hypothesis. 
However,  in  higher  plants  the  simultane- 
ous occurrence  of  the  two  processes  of 
photorespiratory  C02  evolution  and 
photosynthetic  C02  uptake,  makes  diffi- 
cult the  interpretation  of  observed  02 
effects.  The  amount  of  02  inhibition  at- 
tributable to  direct  inhibition  of  the  car- 
boxylase is  difficult  to  specify.  Similarly, 
under  light  limitation  it  is  difficult  to  de- 
termine if  the  observed  inhibition  corre- 
sponds to  the  quantity  of  glycolate  photo- 
respired  as  the  rapid  metabolism  of 
glycolate  obscures  the  actual  rate  of  its 
production. 

Evaluation  of  the  postulated  mecha- 
nism of  glycolate  formation  might  be  pos- 
sible if  the  effects  of  02,  C02,  and  light 
intensity  upon  glycolate  formation  in  re- 
lation to  photosynthesis  were  known. 
Many  algae  in  the  appropriate  physio- 
logical state  excrete,  rather  than  metabo- 
lize, glycolate  (Tolbert  et  al,  1971).  In 
certain  algae,  including  Chlamydomonas 
reinhardtii  (Chang  and  Tolbert,  1970), 
glycolate  is  virtually  the  only  labeled 
compound  excreted  during  photosynthe- 
sis in  14C-bicarbonate.  In  contrast  to 
higher  plants,  green  algae  apparently  do 
not  evolve  C02  during  photosynthesis  in 
air  (Brown  and  Tregunna,  1967).  Con- 
sequently it  seemed  that  by  using  an  alga 


the  influence  on  glycolate  production  of 
parameters  such  as  light  intensity,  02, 
and  C02  concentration  could  be  studied, 
and  simultaneously  direct  measurements 
of  photosynthetic  C02  fixation  could  be 
obtained.  Correlation  of  these  results 
with  the  effects  of  similar  parameters  on 
in  vitro  RuDP  carboxylase  isolated  from 
the  same  organism  should  provide  a  more 
reliable  test  of  the  hypothesis  than  is 
obtainable  with  higher  plants.  C.  rein- 
hardtii was  the  alga  of  choice  because  it 
is  more  easily  disrupted  for  enzyme 
studies  than  Chlorella  spp. 

There  is  a  great  deal  of  information 
concerning  the  effects  of  02  on  photosyn- 
thesis and  glycolate  production  in  the 
algae  (see  reviews  by  Turner  and  Brit- 
tain,  1962;  and  Tolbert  et  al,  1971),  but 
because  of  the  interaction  of  various  pa- 
rameters such  as  light  intensity,  pH,  C02 
levels,  presence  or  absence  of  inhibitors, 
and  even  pretreatment  of  the  cells,  a 
comprehensive  scheme  to  describe  these 
effects  cannot  be  drawn  up  from  the  liter- 
ature. The  objective  in  the  present  in- 
vestigation, which  is  still  in  progress,  is  to 
reinvestigate  many  of  the  previously  re- 
ported effects,  with  the  parameters  care- 
fully defined,  in  order  to  gain  insight  into 
the  mechanism  whereby  02  affects  photo- 
synthesis. 

Experimental  Procedure 

Axenic  cultures  of  Chlamydomonas 
reinhardtii  (90-Indiana  University  Cul- 
ture Collection)  were  aerated  in  Fern- 
bach  flasks  with  a  3%  C02/air  mixture 
in  "B"  media  (Sueoka,  1960)  at  22°C 
under  constant  illumination  from  fluores- 
cent tubes  and  a  400-W  Sylvania  color- 
improved  mercury  vapor  lamp  providing 
a  total  of  98,000  ergs  cm"2  sec"1.  The  cells 
were  harvested  by  centrifugation  at  a  cul- 
ture density  of  4  /xg  chl  ml"1,  thus  avoid- 
ing possible  light  and  C02  limitation 
effects  in  high  density  cultures.  The  cells 
were  resuspended  in  B  media  and  stored 
in  darkness  in  an  ice  bath  for  up  to  2  hr. 
No  decrease  in  photosynthetic  capability 
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occurred,  providing  the  cells  were  illumi- 
nated at  22 °C  for  10  min  prior  to  assay. 

Erlenmeyer  flasks  (25  ml)  equipped 
with  side-arms  and  containing  50  mM 
Tris  at  pH  7.8  (adjusted  to  compensate 
for  the  buffering  capacity  of  bicarbonate 
at  22 °C)  and  B  media  were  flushed  with 
He,  02,  or  a  He/02  mixture  (monitored 
with  a  Beckman  02  electrode)  while 
shaking  for  15  min  in  a  water  bath  at 
22 °C.  The  flasks  were  sealed  and  0.15  ml 
of  NaH14C03  (0.25  /*Ci  ^mole"1)  was 
injected  via  a  serum  cap  followed  by  0.15 
ml  of  cell  suspension  to  give  a  chlorophyll 
concentration  of  4  fxg  ml"1  in  a  final  vol- 
ume of  3.0  ml.  Illumination  was  provided 
by  cool  white  fluorescent  tubes  and  con- 
trolled by  a  rheostat  and  neutral  density 
filters.  Although  12  flasks  were  run  simul- 
taneously, the  light  intensity  varied  by 
less  than  5%  between  flasks.  After  shak- 
ing for  15  min,  the  flasks  were  transferred 
rapidly  to  an  ice  bath  in  darkness;  1.0- 
ml  aliquots  were  pipetted  into  1.0  ml  of 
1.0  N  HC1  and  aerated  to  drive  off  un- 
reacted  14C02.  The  remaining  suspension 
was  rapidly  centrifuged  twice  at  2°C  and 
1000  X  Q  to  remove  all  cells,  and  1.0  ml 
of  the  supernatant  was  pipetted  into  1.0 
ml  of  1.0  N  HC1  and  aerated.  Radio- 
activity was  determined  with  a  liquid 
scintillation  spectrometer  using  PCS 
(Phase  Combining  System  from  Amer- 
sham/Searle  Corporation)  in  the  gel 
phase.  The  rates  of  photosynthetic  14C02 
fixation  were  calculated  from  the  radio- 
activity of  the  uncentrifuged  samples, 
while  glycolate  excretion  was  determined 
from  the  radioactivity  of  the  superna- 
tants. 

For  measurements  of  RuDP  carbox- 
ylase activity,  C.  reinhardtii  cells  in  the 
extraction  medium  of  Bjorkman  and 
Gauhl  (1969)  were  bubbled  with  N2,  dis- 
rupted by  passage  through  a  French  pres- 
sure cell  at  985  kg  cm"2,  and  centrifuged 
at  2°C  and  1000  X  Q  for  5  min  to  remove 
unbroken  cells.  RuDP  carboxylase  activ- 
ity and  chlorophyll  in  the  supernatant  of 
this  crude  extract  were  assayed  at  22  °C, 


using  the  method  of  Bjorkman  and  Gauhl 
(1969).  The  crude  extract  was  centri- 
fuged for  20  min  at  25,000  X  Q  and 
passed  through  a  G-25  Sephadex  column 
for  studies  of  the  effect  of  02  on  C.  rein- 
hardtii RuDP  carboxylase.  Assays  were 
performed  under  50%  02  or  He  at  22  °C 
in  a  manner  similar  to  the  photosynthesis 
measurements.  The  reaction  mixture  was 
the  same  as  previously  described  except 
that  sulfhydryl  reagents  were  omitted. 
All  measurements  of  photosynthetic  rate, 
glycolate  excretion,  and  RuDP  carbox- 
ylase activity  are  expressed  as  the  mean 
of  triplicate  determinations. 

Results  and  Discussion 

The  growth  conditions  for  the  culture 
markedly  affected  the  subsequent  photo- 
synthesis of  the  cells.  The  photosynthetic 
rate  was  halved  by  halving  the  light  in- 
tensity used  for  growth.  The  cells  were 
grown  at  a  high  (3%)  C02  level  because 
the  relatively  high  bicarbonate  levels 
then  required  to  saturate  photosynthesis 
could  be  accurately  manipulated.  Also,  a 
-high  C02  level  during  growth  reportedly 
reduces  the  ability  of  the  cells  to  metabo- 
lize glycolate  (Tolbert  et  al,  1971).  This 
preconditioning  increases  glycolate  excre- 
tion when  the  cells  are  in  an  environment 
favorable  for  glycolate  formation. 

Evidence  indicates  that  green  algae 
utilize  unhydrated  C02  for  photosynthe- 
sis (Briggs  and  Whittingham,  1952).  In 
a  bicarbonate  solution  the  equilibrium 
between  hydrated  and  unhydrated  (free) 
C02  is  closely  regulated  by  the  H+  ion 
concentration.  Thus  all  photosynthetic 
measurements  with  C.  reinhardtii  were 
made  at  a  carefully  controlled  pH  of  7.8. 
This  pH  corresponds  to  the  optimum  for 
C02  fixation  by  isolated  RuDP  carbox- 
ylase and  by  intact  chloroplasts.  Helium 
was  used  as  the  inert  gas,  as  it  replaced 
02  in  solution  more  rapidly  than  did  N2. 
A  recent  report  (Maharajh  and  Walkley, 
1972)  indicates  that  the  solubility  of  02 
at  various  partial  pressures  depends  on 
the  diluting  gas  used.    Thus  at  50%  02 
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the  solubility  of  02  was  depressed  by  26% 
from  the  theoretical  value  with  N2  as  the 
diluting  gas  and  34%  with  He.  These 
observations  have  been  incorporated  into 
calculations  requiring  a  measure  of  02 
solubility. 

Maximum  photosynthetic  rates,  glyco- 
late  excretion  rates,  and  the  degree  of  02 
inhibition  in  cells  from  different  cultures 
were  very  similar,  providing  the  growth 
conditions  were  constant.  The  mean  rate 
of  photosynthetic  CO2  uptake  under  opti- 
mal conditions  (He,  10  mM  bicarbonate, 
and  saturating  light)  was  361  ±  5.7 
/xmole  C02  mg  chl-1  hr"1  for  9  separate 
determinations  on  3  separate  days.  This 
rate  is  higher  than  the  rates  obtained  with 
chloroplasts  (Jensen  and  Bassham,  1966) 
and  similar  to  the  highest  rates  obtained 
with  higher  plants  (this  Year  Book,  p. 
123). 

Experiments  with  in  vitro  RuDP  car- 
boxylase. There  is  abundant  evidence 
{Year  Book  70,  p.  525)  that  a  major  rate- 
limiting  step  of  photosynthesis  in  higher 
plants  at  saturating  light  intensity  is  the 
quantity  of  RuDP  carboxylase  present  in 
the  leaf.  In  an  extract  of  C.  reinhardtii 
cells  RuDP  carboxylase  activity  was  160 
/xmole  C02  mg  chl-1  hr"1.  Although  this 
activity  is  probably  an  underestimate  be- 
cause extraction  and  assay  conditions 
were  not  entirely  optimal,  it  does  indicate 
that  under  light-saturating  conditions  the 
photosynthetic  rate  of  C.  reinhardtii  is 
probably  also  limited  by  the  RuDP  car- 
boxylase catalyzed  reaction.  Thus,  an 
in  vivo  inhibition  of  this  reaction  should 


cause  a  corresponding  inhibition  of 
photosynthesis. 

Table  25  indicates  that  14C02  fixation 
by  RuDP  carboxylase  from  C.  reinhardtii 
cells  was  inhibited  by  increasing  the  02 
level  from  zero  to  50%.  Furthermore,  the 
inhibitory  effect  of  02  appeared  to  be 
competitive  with  respect  to  CO2,  as  in- 
creasing the  bicarbonate  level  drastically 
reduced  the  percentage  inhibition.  These 
observations  with  in  vitro  RuDP  carbox- 
ylase from  C.  reinhardtii  indicate  that  in 
this  respect  it  is  similar  to  RuDP  carbox- 
ylase from  higher  plants. 

Effects  of  0<>  on  photosynthetic  14C02 
fixation.  The  reproducibility  of  rates 
from  day  to  day,  and  the  lack  of  compli- 
cating 02  effects  on  photorespiratory  CO2 
release,  made  possible  a  direct  kinetic 
analysis  of  the  effect  of  02  on  photosyn- 
thetic 14C02  fixation  in  a  manner  similar 
to  that  achieved  with  isolated  RuDP  car- 
boxylase. This  investigation  showed  that 
in  zero  02  (He  or  N2)  and  a  saturating 
light  intensity  14C02  fixation  was  essen- 
tially saturated  by  5  mM  bicarbonate 
(Fig.  37) .  Interestingly,  the  C02  require- 
ment of  this  high  C02-adapted  alga  was 
similar  to  intact  spinach  chloroplasts 
(Jensen  and  Bassham,  1966) .  All  O2  con- 
centrations tested,  including  20%,  inhib- 
ited photosynthesis  by  C.  reinhardtii 
cells,  but  the  degree  of  inhibition  was 
modified  by  altering  the  bicarbonate  level 
(Fig.  37).  A  bicarbonate  concentration 
of  10  mM  reduced  inhibition  to  only  6.4% 
in  20%  Oo.  Time  course  measurements  of 
14C02  fixation  in  zero  and  100%  02  at 


TABLE  25.   The  Effect  of  02  on  the  Rate  of  14C02  Incorporation  by  C.  reinhardtii  RuDP 
Carboxylase  at  High  (20  mM)  and  Low  (2  mM)  Bicarbonate  Levels* 


Bicarbonate 

Concentration, 

mM 


Rate  of  14C02  Fixation, 
ftmoles  mg  protein-1  hr-1 


zefo  02 


50%  02 


Inhibition  by  Oxygen, 
percent 


20.0 
2.0 


8.49  ±  0.06 
3.21  ±  0.05 


7.49  ±  0.06 
1.91  ±  0.06 


11.8 
40.5 


Rates  are  expressed  as  the  mean  and  standard  error  of  the  mean. 
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x  HCOj  concentration, mM 

Fig.  37.  The  effect  of  02  on  the  rate  of  photo- 
synthetic  C02  fixation  by  C.  reinhardtii  as  a 
function  of  bicarbonate  concentration.  The  cells 
were  incubated  with  a  saturating  light  intensity 
of  52,000  erg  cm"2  sec"2. 

saturating  light  intensity  showed  linear 
kinetics  for  at  least  30  min,  providing  the 
cells  were  preincubated  in  the  light  at 
22°C.  Thus,  02  inhibited  the  actual  rate 
of  photosynthetic  14C02  fixation  rather 
than  inducing  a  lag  period  in  fixation. 

A  double  reciprocal  plot  of  photosyn- 
thetic rate  versus  bicarbonate  concentra- 
tion under  various  02  partial  pressures 
(Fig.  38)  indicated  that  02  was  a  com- 
petitive inhibitor  with  respect  to  bicar- 
bonate (orCOo).  Photosynthesis  in  zero  02 
exhibited  an  apparent  Km  for  bicarbon- 
ate of  0.7  mM,  while  100%  02  increased 
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Fig.  38.  A  double  reciprocal  plot  of  the  effect 
of  02  on  the  photosynthetic  "C02  fixation  by 
C.  reinhardtii  as  a  function  of  bicarbonate  con- 
centration. Conditions  were  the  same  as  Fig.  37. 


this  value  to  2.9  mM.  However,  at  the 
highest  02  concentration  there  is  some 
deviation  from  linearity.  In  20%  02  the 
apparent  Km  of  0.8  mM  compares  with 
the  value  of  0.6  mM  obtained  for  14C02 
fixation  with  intact  spinach  chloroplasts 
(Jensen  and  Bassham,  1966).  The  re- 
ported Km  for  C02  fixation  by  soybean 
RuDP  carboxylase  also  increased  as  the 
02  level  was  increased  (Bowes  and  Ogren, 
1972)  ;  however,  in  zero  02  the  Km  was 
0.13  mM  on  a  C02  basis,  which  corre- 
sponds to  2.8  mM  bicarbonate.  Thus,  as 
has  been  noted  many  times  previously, 
COo  fixation  by  plants  and  intact  chloro- 
plasts appears  to  possess  at  least  a  4-fold 
greater  affinity  for  C02  than  that  shown 
by  the  isolated  carboxylation  enzyme.  Al- 
though a  number  of  explanations  have 
been  proposed,  this  apparent  anomaly  is 
still  unresolved. 

These  results  showing  a  direct  02  in- 
hibition of  photosynthesis  in  C.  rein- 
hardtii confirm  the  observations  of  Ta- 
miya  and  Huzisige  (1949)  with  the  green 
alga  Chlorella  ellipsoidea,  which  in  con- 
trast to  the  alga  used  in  these  studies, 
was  grown  at  low  C02.  They  also  support 
the  suggestion  (Tamiya  and  Huzisige, 
1949)  that  02  and  C02  compete  for  the 
same  site  in  the  photosynthetic  process. 
The  apparent  competitive  inhibition  of 
photosynthesis  in  C.  reinhardtii  appears 
very  similar  to  the  02  inhibition  kinetics 
observed  with  isolated  RuDP  carboxylase 
(Bowes  and  Ogren,  1972).  The  Ki  value 
for  02  inhibition  of  in  vitro  soybean 
RuDP  carboxylase  was  0.8  mM,  which 
corresponded  closely  to  the  value  for  in 
vivo  photosynthesis  of  soybean  leaves 
(Ogren  and  Bowes,  1971).  For  the  02 
inhibition  of  photosynthesis  in  C.  rein- 
hardtii cells,  an  apparent  K;  value  of  0.4 
mM  was  obtained.  This  provides  evi- 
dence that  the  02  effect  is  fundamentally 
similar  in  algae  and  C3  species  of  higher 
plants.  It  also  indicates  that  the  02  in- 
hibition in  vivo  is  likely  due  to  a  direct 
effect  upon  RuDP  carboxylase,  at  least 
under  high  light  intensity. 
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Glycolate  formation.  To  investigate 
the  relationship  between  O2  inhibition 
and  glycolate  formation,  simultaneous 
measurements  were  made  of  the  14C  ex- 
creted to  the  medium  during  the  photo- 
synthesis experiments.  Glycolate  is  re- 
ported to  be  virtually  the  only  labeled 
compound  excreted  by  C.  reinhardtii  dur- 
ing photosynthesis  in  O2.  We  were  able 
to  verify  this.  Since  glycolate  is  probably 
derived  from  a  photosynthetic  interme- 
diate (Bassham  and  Kirk,  1962;  Coombs 
and  Whittingham,  1966) ,  it  was  assumed 
that  the  specific  activity  of  the  glycolate 
excreted  was  the  same  as  that  of  the 
bicarbonate  presented.  The  validity  of 
this  assumption  will  be  discussed  later. 
This  allowed  direct  calculations  of  the 
apparent  rates  of  glycolate  excretion  and 
photosynthetic  C02  fixation. 

Figure  39  shows  the  14C  glycolate  ex- 
creted, expressed  as  a  molar  percentage  of 
the  14C02  fixed  during  the  measurements 
of  photosynthesis  made  at  light  satura- 
tion (Fig.  37).  Under  zero  02  there  was 
always  a  low  level  of  fixed  14C  present  in 
the  supernatant.  Some  of  this  may  have 
been  due  to  contamination  from  cell  con- 
tents  or  to  incomplete  removal   of  the 


motile  C.  reinhardtii  cells  by  centrifuga- 
tion.  Preliminary  separation  of  the  14C 
labeled  material  by  ion  exchange  chroma- 
tography indicated  that  glycolate  was 
present.  Since  the  algae  were  producing 
02  during  photosynthesis,  02  was  not 
entirely  absent.  Gibbs  (1969)  has  also 
suggested  a  mechanism  involving  photo- 
system  2  which  would  not  require  02  to 
form  glycolate.  When  the  02  level  was 
increased  to  20,  50,  and  100%,  there  was 
a  corresponding  increase  in  glycolate  ex- 
cretion (Fig.  39) .  The  percentage  of  14C 
excreted  was  highest  at  the  lowest  bicar- 
bonate concentration  and  declined  with 
increasing  bicarbonate.  However,  the 
photosynthetic  rate  also  changed  under 
these  varying  conditions.  When  the  ac- 
tual rates  of  excretion  were  compared 
(Fig.  40) ,  it  was  apparent  that  in  all  02 
concentrations  the  maximum  excretion 
rate  occurred  at  about  2  mM  bicarbonate, 
although  higher  bicarbonate  levels  sup- 
pressed glycolate  excretion  as  reported 
by  Hess  and  Tolbert  (1967). 

Glycolate  formation  was  suppressed 
by  high  bicarbonate  concentrations, 
which  also  had  the  effect  of  suppressing 
the  02  inhibition.  It  is  possible  that  a 
drain  on  the  Calvin  cycle  imposed  by 
glycolate  formation  caused  the  inhibition 
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Fig.  39.  The  effect  of  02  on  14C-glycolate 
excretion  expressed  as  a  percentage  of  C02  fixa- 
tion on  a  mole  basis  during  the  photosynthesis 
of  C.  reinhardtii  in  various  concentrations  of 
14C-bicarbonate.  Conditions  were  the  same  as 
Fig.  37. 
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Fig.  40.  The  effect  of  02  on  the  excretion  rate 
of  14C-glycolate  during  the  photosynthesis  of  C. 
reinhardtii  in  various  concentrations  of  14C- 
bicarbonate.  Conditions  were  the  same  as  Fig. 
37. 
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of  photosynthesis.  However,  the  maxi- 
mum rate  of  excretion  in  100%  02  was 
10.4  /miole  glycolate  mg  chl"1  hr-1,  which 
is  only  2.9%  of  the  maximum  photosyn- 
thetic  rate  achieved  by  these  algae.  This 
low  rate  argues  against  a  large  effect  of 
glycolate  formation  directly  upon  photo- 
synthesis. 

The  possibility  exists  that  glycolate 
excretion  in  these  experiments  was  not  an 
accurate  reflection  of  glycolate  forma- 
tion. The  algae  were  cultured  in  3%  C02 
and  were  harvested  in  the  log  phase  of 
growth  (doubling  time,  about  8  hr)  at  low 
cell  density.  Nelson  and  Tolbert  (1969) 
report  that  cells  grown  under  these  con- 
ditions excrete  glycolate  but  do  have  con- 
stitutive activity  of  glycolate  dehydro- 
genase. Thus,  even  high-C02-grown  cells 
might  metabolize  some  of  the  glycolate 
they  form.  Isonicotinyl  hydrazide  (INH) 
(Whittingham  et  al,  1967)  and 
a  -  hydroxy  -  2  -  pyridinemethanesulf onate 
(HPMS)  (Tolbert  and  Hess,  1966)  are 
compounds  which  are  reported  to  force 
glycolate  excretion  in  algae  and  to  inhibit 
glycolate  metabolism  in  higher  plants 
(Zelitch,  1958).  In  preliminary  experi- 
ments INH  at  5,  10,  and  100  ml  did  not 
increase  glycolate  excretion  but  did  result 
in  a  considerable  inhibition  of  photosyn- 
thesis. HPMS  at  5,  10,  and  20  ml  in- 
creased the  rate  of  glycolate  excretion. 
However,  it  also  stimulated  photosynthe- 
sis in  the  02  treatments  relative  to  the 
zero  02  controls  which  completely  elimi- 
nated the  inhibitory  effect  of  02  at  20% 
02.  This  effect  may  be  related  to  the 
HPMS  stimulation  of  photosynthesis  and 
increased  level  of  RuDP  at  high  pH  ob- 
served with  C.  reinhardtii  (Tolbert  and 
Hess,  1966).  Although  the  mechanism  of 
these  effects  is  obscure,  it  would  appear 
that  HPMS  affects  more  than  just  glyco- 
late metabolism,  and  therefore  the  re- 
mainder of  these  studies  were  conducted 
without  HPMS  present.  The  stimulation 
of  glycolate  excretion  by  HPMS  indicates 
that  these  algae  were  possibly  metabo- 
lizing  a   portion   of  the   glycolate  they 


formed.  As  the  differential  effect  of 
HPMS  on  glycolate  excretion  was  similar 
at  high  or  low  excretion  rates,  we  have 
assumed  that  the  excretion  rate  is  propor- 
tional to  the  rate  of  production.  In 
Chlorella  spp.  a  comparison  of  glycolate 
excreted  and  retained  within  the  cells  at 
21  and  100%  02  (Whittingham  et  al., 
1967)  also  supports  this  assumption.  The 
excretion  rates  probably  underestimate 
the  rates  of  production,  but  even  with  10 
ml  HPMS  and  100%  02,  the  glycolate 
excretion  rate  was  still  only  about  5%  of 
the  total  C02  fixation  capacity  of  the 
cells. 

Hess  and  Tolbert  (1967)  observed  gly- 
colate excretion,  determined  chemically, 
even  without  bicarbonate  present,  which 
appears  to  conflict  with  our  results.  In 
our  experiments  an  artifact  due  to  a 
change  in  the  specific  radioactivity  of  the 
excreted  glycolate  at  less  than  2  mM  bi- 
carbonate levels  is  partially  responsible 
for  this  conflict.  In  a  larger-scale  experi- 
ment glycolate  excretion  was  followed 
simultaneously  by  the  chemical  technique 
used  by  Hess  and  Tolbert  (Calkins,  1943) 
and  by  the  radioactive  assay  (Table  26). 
In  2  mM  bicarbonate  and  50%  02  there 
was  good  agreement  between  glycolate 
determined  by  the  two  procedures.  This 
shows  that  the  measurements  of  14C  were 
reliable  at  bicarbonate  concentrations  of 
2  mM  or  higher.  At  0.5  mM  bicarbonate, 
although  the  radioactive  assay  under- 
estimated glycolate  excretion,  the  rate  of 
glycolate  excretion  still  declined  signifi- 
cantly but  less  dramatically  than  indi- 
cated in  Fig.  40. 

High  light  intensity  is  reported  to  favor 
glycolate  formation  (Tolbert  et  al.,  1971) . 
Since  it  would  also  stimulate  photosyn- 
thesis, it  seemed  desirable  to  compare  the 
light  dependence  of  glycolate  excretion 
with  that  of  photosynthesis.  At  2  mM  bi- 
carbonate and  50%  02  the  light  intensity 
was  varied  from  total  darkness  to  over 
twice  that  required  to  saturate  photosyn- 
thesis. The  sensitivity  of  the  assay 
method  made  it  possible  to  use  low  cell 
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TABLE  26.  The  Effect  of  Bicarbonate  Concentration  on  the  Specific  Activity  and  Excretion 
Rate  of  Glycolate  during  Photosynthesis  by  C.  reinhardtii  in  50%  02* 


Sample 

Time, 

min 

Estimated 
Rate  of  Glycolate  Excretion 

Rate 
■  of  Photosynthetic 
14C02  Fixation 

Concentration, 
mM 

14C  Labeling 
Method 

Calkins 
Method 

jumole  mg  chl-1  hr_1 

2.0 
2.0 
0.5 
0.5 

15 
30 
15 
30 

9.9 

12.6 

3.7 

5.1 

9.2 

12.4 

5.7 

9.1 

95.5 
98.2 
35.2 
35.5 

*  Side-arm  flasks  containing  in  a  final  volume  of  50.0  ml,  10  mM  Hepes  at  pH  7.8  were  shaken 
for  15  min  at  22°C  in  a  light  intensity  of  52,000  ergs  cm-2  sec-1.  Then  NaH"C03  (0.25  /uCi  /tmole-1) 
was  injected,  followed  by  0.25  ml  of  cell  suspension  to  give  a  chlorophyll  concentration  of  5.7  /ig 
ml"1.  Before  addition,  the  cells  were  washed  twice  with  "B"  medium  to  reduce  contamination  by 
glycolate  in  the  culture  medium.  13.0-ml  samples  were  withdrawn  after  0,  15,  and  30  min  and 
placed  in  an  ice-bath  in  darkness.  1.0-ml  aliquots  were  taken  to  determine  total  photosynthetic 
14C02  fixation,  and  the  remaining  sample  was  centrifuged  as  in  previous  glycolate  determinations. 
The  radioactivity  in  the  supernatant  was  determined  from  1.0-ml  aliquots  while  2.0-ml  aliquots 
were  freeze-dried  and  the  glycolate  content  determined  by  the  method  of  Calkins  (1943).  Sam- 
ples at  zero  time  were  used  as  a  measure  of  glycolate  carryover  with  the  cells. 


densities  (<  5  fxg  chl  ml"1)  which  at  the 
absorption  maximum  of  678  nm  allowed 
70%  transmission  of  light  through  the  cell 
suspension.  Table  27  shows  that  the  rate 
of  glycolate  excretion  generally  paralleled 
the  photosynthetic  rate  from  the  lowest  to 
the  highest  light  intensity.  The  highest 
light  intensity  was  apparently  sufficient 
to  cause  photoinhibition  as  the  photosyn- 
thetic rate  and  glycolate  excretion  rate 
declined.  Thus,  high  light  intensity  stim- 
ulated glycolate  formation  only  in  so  far 
as  it  also  stimulated  photosynthesis.  This 
result  appears  to  contradict  the  view  that 
a  Mehler-type  back  reaction,  producing 
H2O2  from  O2,  is  required  to  form  glyco- 


late. Although  a  requirement  for  light 
cannot  be  ruled  out,  the  fact  that  glyco- 
late excretion  follows  C02  fixation  sug- 
gests that  glycolate  is  formed  by  a  dark 
reaction  which,  like  C02  fixation,  is  de- 
pendent upon  a  substrate  generated 
through  the  reactions  of  photosynthesis. 
If  glycolate  is  formed  by  RuDP 
carboxylase  in  an  alternative  reaction  to 
the  carboxylation  of  RuDP,  then  the 
relative  rates  of  the  two  reactions  would 
probably  be  governed  by  the  amounts  of 
02  and  CO2  bound  to  the  enzyme  and 
would  thus  be  independent  of  light  inten- 
sity. The  suppression  of  glycolate  excre- 
tion by  high  levels  of  C02,  both  at  high 


TABLE  27.  The  Effect  of  Light  Intensity  on  ,4C02  Fixation  and  "C-glycolate  Excretion 
during  Photosynthesis  by  C.  reinhardtii  in  2  mM  "C-bicarbonate  and  50%  02 


Light  Intensity, 
ergs  cm-2  sec-1 


C02  Fixation  Glycola 

ix  moles  mg  chl-1  hr 


te  Excretion 

Glycolate, 

-1 

percent 

5.8 

7.2 

14.8 

10.5 

12.5 

6.0 

15.3 

6.8 

13.8 

6.8 

7,500 

80.5 

14,800 

141.2 

29,500 

207.7 

52,000 

223.8 

83,000 

201.5 
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(Fig.  40)  and  at  limiting  (Table  28)  light 
intensity,  supports  this  postulate.  The 
in  vitro  formation  of  glycolate  catalyzed 
by  RuDP  carboxylase  is  suppressed  by 
high  C02  concentrations  (Bowes  and 
Ogren,  unpublished). 

02  inhibition  of  photosynthesis  as  a 
function  of  light  intensity.  At  the  two 
highest  light  intensities  02  inhibition  was 
virtually  independent  of  light  intensity 
(Table  27)  probably  reflecting  a  direct 
02  inhibition  of  RuDP  carboxylase.  At 
the  lower  light  intensities  the  degree  of 
inhibition  declined,  suggesting  that  the  O2 
effect  differs  at  high  and  low  light  levels. 
Theoretically,  the  carboxylase  should  not 
be  limiting  at  low  light  intensities.  An 
energy  drain  due  to  glycolate  formation 
could  be  a  more  important  limitation  on 
photosynthesis  under  these  conditions. 
This  is  supported  by  the  observation  that 
Oo  inhibition  was  greater  at  low  light  in- 
tensity in  2  vaM  bicarbonate,  where  gly- 
colate excretion  occurred,  than  in  10  ml 
bicarbonate,  where  glycolate  excretion 
was  suppressed  (Table  28).  Thus,  the  O2 
inhibition  of  C.  reinhardtii  was  greater  at 
high  than  at  low  light  intensities;  how- 
ever, in  higher  plants  inhibition  is 
equally  severe  at  low  light  levels  ( Year 
Book  65,  p.  450) .  In  higher  plants  glyco- 
late metabolism  differs  from  that  of  C. 
reinhardtii.  Glycolate  formation  from 
Calvin  cycle  intermediates,  the  consump- 
tion at  ATP  and  NADPH  in  glycolate 
metabolism,  and  C02  evolution  all  prob- 


ably contribute  to  inhibition  at  low  light 
levels. 

The  differences  obtained  at  high  and 
low  light  intensities,  the  interaction  with 
bicarbonate  concentration,  and  different 
CO2  concentrations  used  for  growth  may 
explain  the  varying  degrees  of  02  inhibi- 
tion obtained  with  the  algae  (Turner  and 
Brittain,  1962). 

Conclusions 

The  effects  of  02  on  the  photosynthesis 
of  Chlamydomonas  reinhardtii  appear 
fundamentally  similar  to  those  in  higher 
plants.  Interactions  between  02  and 
RuDP  carboxylase  apparently  mediate 
the  in  vivo  effects  of  02  on  photosynthe- 
sis. At  light  saturation  and  C02  limita- 
tion the  photosynthesis  of  C.  reinhardtii 
was  competitively  inhibited  by  02  with 
respect  to  C02.  Under  these  conditions 
the  absence  of  photorespiratory  C02  re- 
lease and  low  rates  of  glycolate  formation 
indicated  that  the  inhibition  was  not  due 
to  glycolate  production.  The  extractable 
RuDP  carboxylase  activity  suggested 
that  this  enzyme  was  a  limiting  factor  of 
light-saturated  photosynthesis  in  C.  rein- 
hardtii. RuDP  carboxylase  in  vitro  was 
competitively  inhibited  by  02  in  a  man- 
ner similar  to  the  higher  plant  enzyme. 
Thus,  inhibition  of  RuDP  carboxylase 
was  probably  responsible  for  the  in  vivo 
02  inhibition  of  photosynthesis  in  C.  rein- 
hardtii. The  similarity  between  the  02 
inhibition  in   C.  reinhardtii  and  higher 


TABLE  28.  Effect  of  Light  Intensity  on  the  Inhibition  of  Photosynthesis  by  50%  02  and  the 

Rate  of  14C-glycolate  Excretion  in  Zero  or  50%  02  by  C.  reinhardtii 

in  Low  or  High  Bicarbonate 


2  ml  Bicarbonate 

10 

n\M  Bicarbonate 

Light  Intensity, 
ergs  cm-2  sec-1 

%  glycolate 

%o2 

%  glycolate 

%o2 

zero  02 

50%  02 

Inhibition 

zero  O 

50%  02 

Inhibition 

7,500 

1.1 

7.2 

18.6 

1.0 

0.4 

8.3 

14,800 

0.9 

10.5 

21.0 

0.9 

0.8 

10.3 

29,500 

0.7 

6.0 

23.9 

0.4 

1.4 

16.3 

52,000 

1.4 

6.8 

30.7 

0.9 

1.0 

19.8 

83,000 

1.5 

6.8 

28.3 

0.7 

1.2 

22.9 
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plants  suggests  that  direct  inhibition  of 
RuDP  carboxylase  also  occurs  in  higher 
plants  at  light  saturation,  but  in  higher 
plants  photorespiration  also  contributes 
to  the  inhibition  of  net  photosynthesis. 

In  C.  reinhardtii  at  light  saturation  the 
inhibitory  role  of  Oo-stimulated  glycolate 
formation  appeared  small  relative  to  the 
direct  inhibition  of  photosynthesis.  Gly- 
colate excretion  was  increased  by  condi- 
tions favoring  the  inhibition  of  photosyn- 
thesis. At  limiting  light  intensities  02 
inhibition  was  less  pronounced  than  at 
high  light  intensities.  Theoretically,  at 
limiting  light  intensities  an  inhibition  of 
the  carboxylase  should  not  limit  photo- 
synthesis. The  residual  inhibition  that 
did  occur  correlated  with  glycolate  for- 
mation from  photosynthetic  intermedi- 
ates. Except  in  magnitude,  the  02  effect 
at  low  light  intensity  is  similar  to  that 
occurring  in  higher  plants,  where  glyco- 
late is  photorespired  rather  than  excreted. 

High  O2  stimulated  glycolate  forma- 
tion, and  C02  suppressed  this  effect.  The 
relative  rates  of  glycolate  formation  and 
CO2  fixation  appeared  to  be  determined 
by  the  02  and  C02  concentration,  not  by 
light  intensity.  High  light  apparently 
stimulated  glycolate  formation  only  in  so 
far  as  it  stimulated  photosynthesis.  These 
results. are  consistent  with  the  hypothesis 
that  glycolate  is  formed  via  an  alternate 
reaction  catalyzed  by  RuDP  carboxylase, 
which  occurs  when  02  is  bound  to  the 
enzyme  in  place  of  C02.  This  would  re- 
sult in  reciprocal  competitive  interactions 
of  C02  and  02  on  the  rates  of  glycolate 
formation  and  C02  fixation,  respectively. 
The  competitive  inhibition  of  C02  fixa- 
tion and  the  oxidation  reaction  of  RuDP 
with  02  have  been  demonstrated  in  vitro. 
The  evidence  presented  here  suggests  that 
both  reactions  occur  in  vivo. 
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Effect  of  Oxygen  Concentration  dur- 
ing Growth  on  Carbon  Isotope  Dis- 
crimination in  C3  and  C4  Species 
of  Atriplex 

J.  Berry,  J.  H.  Troughton*  and  0.  Bjorkman 

It  is  now  well  established  that  C4 
plants  contain  a  higher  ratio  of  carbon 
isotope  13C  to  12C  than  do  C3  plants  (for 
references,  see  Troughton  et  al.,  1971). 
The  reason  for  this  is  largely  unknown. 
It  is  known,  however,  that  the  isotopic 
composition  of  the  C02  evolved  in  dark 
respiration  is  nearly  the  same  as  that  of 
the  plant;  consequently,  in  both  C4  and 
C3  species  the  discrimination  against  the 
heavier  carbon  isotope  must  take  place 
during  photosynthesis. 

C4  species  fix  atmospheric  C02  by  B- 
carboxylation  of  phospho(enol)  pyruvate, 
whereas  C3  species  do  this  by  direct  car- 
boxylation  of  ribulose-l,5-diphosphate. 
Thus,  it  is  possible  that  the  former  reac- 
tion discriminates  less  against  13C02  than 
the  latter.  However,  C4  plants  also  have 
different  photosynthetic  gas  exchange 
characteristics  in  normal  air  than  C3 
plants,  and  it  seems  possible,  therefore, 
that  the  differences  in  isotope  discrimina- 
tion may  be  related  to  these  characteris- 
tics rather  than  the  carboxylation  reac- 
tions per  se.  One  striking  difference 
between  C3  and  C4  species  is  that  21%  02 
causes  a  marked  inhibition  of  net  photo- 
synthetic  C02  uptake  in  C3  but  not  in  C4 
plants.  Indeed,  previous  studies  have 
shown  that  the  gas  exchange  characteris- 
tics of  the  C3  species  Atriplex  patula  ssp. 

*  Physics  and  Engineering  Laboratory,  DSIR, 
Lower  Hutt,  New  Zealand.  Acknowledgment 
is  made  of  the  use  of  the  mass  spectrometer  at 
the  Institute  of  Nuclear  Sciences,  and  the  ad- 
vice and  assistance  of  Dr.  J.  R.  Hulston  and 
Mrs.  K.  A.  Card. 


hastata  and  the  C4  species  A.  rosea  be- 
come quite  similar  when  they  are  com- 
pared at  a  low  02  concentration  rather 
than  at  normal  atmospheric  02  concen- 
tration (see  review  by  Bjorkman,  1971). 

Comparative  experiments  of  the  effect 
of  02  concentration  during  growth  on  the 
isotopic  composition  of  these  two  species 
should  therefore  elucidate  whether  the 
difference  in  isotope  discrimination  be- 
tween C3  and  C4  plants  in  normal  air  is 
caused  by  their  different  photosynthetic 
pathways  or  whether  it  is  a  result  of  the 
different  photosynthetic  gas  exchange 
characteristics  associated  with  these 
pathways.  We  also  hoped  that  such  ex- 
periments would  provide  some  informa- 
tion on  the  extent  to  which  the  inhibitory 
effect  of  21%  02  on  net  photosynthesis  in 
C3  plants  is  caused  by  inhibition  of  C02 
fixation  and  the  extent  to  which  it  is  a  re- 
sult of  photorespiratory  release  of  C02. 

Seedlings  of  the  two  Atriplex  species 
were  therefore  grown  under  strictly  con- 
trolled conditions  in  two  growth  cabinets, 
one  with  21%  02  and  the  other  with  4% 
02.  Light  was  continuous  and  leaf  tem- 
perature was  28°C.  The  basic  design  of 
these  cabinets  was  given  in  Year  Book 
66,  p.  229.  Certain  modifications  were, 
however,  necessary  for  the  present  experi- 
ments (Fig.  41).  In  order  to  maintain  a 
constant  13C02/12C02  ratio  of  the  atmos- 
phere surrounding  the  plants  throughout 
the  experiments,  the  system  must  be  open 
with  respect  to  C02.  If  the  system  were 
closed  and  C02  added  to  replace  only  the 
C02  taken  up  by  the  plants,  the  atmos- 
phere would  become  enriched  in  13C02 
during  the  experiment  as  a  result  of  the 
discrimination  by  the  plants  against  this 
isotope.  In  order  to  keep  the  consumption 
of  gas  within  reasonable  limits,  the  sys- 
tem must  be  essentially  closed  with  re- 
spect to  02  and  N2. 

To  meet  both  of  these  requirements, 
the  plants  were  enclosed  in  transparent 
chambers  which  were  placed  in  the  center 
of  each  cabinet  (outer  chamber).  Gas 
from  the  outer  chambers  was  continu- 
ously passed  through  the  inner  chambers 
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Fig.  41.  Schematic  diagram  of  gas  sampling  and  control  system  for  growing  plants  under  differ- 
ent 02  concentrations  but  constant  C02  concentration  and  13C02/12C02  ratio. 


and  returned  to  the  outer  chambers  after 
complete  removal  of  the  C02  in  the  gas 
stream.  The  flow  rate  through  these  cir- 
cuits was  so  adjusted  that  the  C02  con- 
centration in  the  inner  chambers  did  not 
fall  below  that  in  the  outer  chambers  by 
more  than  15  ppm.  The  C02  monitoring 
system  consisted  of  a  Beckman  infrared 
gas  analyzer  together  with  an  automatic 
controller  specifically  constructed  for  the 
present  application.  An  electronic  timer 
alternately  switched  the  C02  sampling 
and  control  circuits  between  the  two  cab- 
inets at  2-min  intervals.  The  C02  con- 
centration in  the  outer  chambers  was  kept 
constant  at  300  ppm  by  automatic  addi- 
tion of  C02  generated  from  marble  chips 
and  dilute  sulphuric  acid  in  a  Kipp  ap- 
paratus. This  source  of  C02  was  preferred 
to  bottled  C02  primarily  because  the 
isotopic  composition  of  the  latter  may 
change  during  an  experiment,  due  to 
isotopic  fractionation  as  C02  gas  evapo- 
rates from  the  liquid  C02.    Oxygen  con- 


centration was  continuously  monitored 
by  a  system  incorporating  a  Beckman 
oxygen  electrode  sensor  in  conjunction 
with  a  specially  designed  automatic  con- 
troller. The  02  concentration  was  kept 
constant  and  the  cabinet  pressure  slightly 
positive  by  addition  of  N2  to  the  cabinet 
with  4%  02,  and  C02  free  air  to  the  cabi- 
net with  21%  02. 

At  the  start  of  the  experiments  the 
seedlings  had  developed  cotyledons  but 
not  true  leaves.  When  the  plants  were 
harvested,  their  total  dry  matter  exceeded 
by  10  times  that  of  the  original  seedlings. 
They  were  dried  at  80 °C  and  shipped  to 
the  Physics  and  Engineering  Laboratory 
of  the  DSIR,  New  Zealand,  where  the 
samples  were  combusted  and  the  isotopic 
ratios  determined  with  a  N.A.A.  6-60° 
sector,  double  collector,  double  inlet 
ratio  mass  spectrometer  as  described  by 
Troughton  et  al.  (1971).  The  results  are 
expressed  as  8  13C  with  respect  to  the 
PDB  standard  in  %o  where 
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The  8  13C  values  for  the  two  Atriplex 
species  grown  under  the  two  O2  concen- 
trations are  shown  in  Table  29.  8  13C 
values  for  replicates  from  different  plant 
tissues  and  individual  plants  from  the 
same  species  and  growing  conditions 
agreed  within  l%o,  so  means  only  are 
given  in  Table  29.  The  C02  generated  from 
the  marble  chips  had  a  8  13C  value  of 
+ 1.7% o.  When  this  is  taken  into  ac- 
count, the  isotope  fractionations  by  the 
two  Atriplex  species  grown  under  21% 
0L>  are  similar  to  previously  determined 
values  for  these  species  grown  in  air  of 
normal  isotopic  composition  ( Year  Book 
70,  p.  508;  see  also  Table  30,  this  article) . 
In  Experiment  I  the  root  substrate  con- 
sisted of  a  mixture  of  vermiculite  and 
perlite  to  which  nutrient  solution  was 
added  daily.  Presumably  because  of  the 
low  O2  concentration  in  the  root  medium, 
root  development,  stem  elongation,  and 
leaf  expansion  were  somewhat  retarded  in 
both  A.  rosea  and  A.  patula  in  the  4%  02 
atmosphere.  In  Experiment  II  the  roots 
were  kept  in  nutrient  solution  which  was 
aerated  with  air  from  the  cabinet  con- 
taining 21%  Oo;  gas-tight  seals  between 
root  and  shoot  prevented  gas  exchange 
between  the  root  medium  and  the  cham- 
ber atmosphere.    Under  these  conditions 


growth  was  rapid  under  both  21%  and 
4%  02.  In  spite  of  its  effect  on  growth, 
the  02  concentration  in  the  root  medium 
had  little,  if  any,  influence  on  the  8  13C 
values  (Table  29). 

The  02  concentration  to  which  the 
photosynthesizing  parts  of  the  plants 
were  exposed  had  no  measurable  influence 
on  isotope  discrimination  in  the  C4 
species  A.  rosea.  This  is  consistent  with 
the  lack  of  any  effect  of  02  concentration 
on  the  photosynthetic  gas  exchange  char- 
acteristics of  this  plant.  In  the  C3  species 
A.  patula  there  is  a  significant  effect  on 
isotope  discrimination.  This  effect, 
nevertheless,  is  much  too  small  to  account 
for  the  difference  between  the  discrimina- 
tion in  the  two  Atriplex  species  in  21% 
02.  We  therefore  conclude  that  the  much 
lower  discrimination  against  13C02  in  C4 
plants  is  caused  primarily  by  their  spe- 
cific C02  fixation  pathway  rather  than 
the  gas  exchange  characteristics  associ- 
ated with  this  pathway.  This  conclusion 
is  also  supported  by  growth  experiments 
at  normal  02  concentration  but  different 
temperatures  (Table  30).  At  low  tem- 
perature (15°)  the  02  inhibition  of  net 
photosynthesis  in  A.  patula  is  almost 
completely  suppressed,  yet  the  difference 
in  the  8  13C  values  between  the  two  Atri- 
plex species  is  not  less  pronounced  than 
at  high  temperatures. 

It  is  clear  from  Table  29  that  the  02 
concentration    under    which    the    plants 


TABLE  29.   5,3C  Values  for  Leaves  of  G  and  G  Species  of  Atriplex  Grown  under 
Different  O2  Concentrations* 


02 

Concentrati 

on                                                           8 

,3C, 

700 

Shoots 

Roots                        A.  rosea  (C4) 

A 

patula  (C3) 

21% 

4% 

21% 

4% 

Experiment  I 
21%                              -4.9 
0%                              -4.8 

Experiment  II 
21%                              -5.9 
^21%                              -5.5 

-19.4 
-17.3 

-21.3 
-17.0 

*  Leaf  temperature  was  28°C  and  CO-  concentration  was  285  ppm.   The  8  13C  value  of 
external  C02  was  +1.7%o. 
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TABLE  30.  Effect  of  Temperature  during  Growth  on  the  S  "C  Values  for  Different  C3  and  C4 

Species  of  Atriplex* 


Species 

Temperature  during  Growth 
°C  day/°C  night 

15710° 

24°/10° 

30°/25° 

36°/30° 

C3  Species 
A.patula  ssp.  hastata 
A.patula  ssp.  spicata 
A  .hortensis 
A  .glabriuscula 

Ct  Species 
A  .rosea 
A  .sabulosa 
A.argentea 
A.spongiosa 

-25.8 
-25.7 
-27.6 
-25.9 

-11.3 

-10.9 
-11.5 
-10.6 

-25.1 

-24.2 
-24.6 
-24.3 

-11.0 

-  8.1 

-  9.6 

-  9.1 

-25.4 

-24.2 
-25.6 

-24.5 

-10.2 
-11.5 
-  9.6 
-11.2 

-26.0 
-25.8 
-25.7 
-26.3 

-11.4 
-11.3 
-11.3 
-11.7 

*  Plants  were  grown  under  natural  light  and  normal  air  in  the  CSIRO  Phytotron  in  Canberra. 


were  grown  did  have  a  significant  effect 
on  the  8  13C  value  of  the  C3  species.  Un- 
fortunately, our  rudimentary  understand- 
ing of  the  mechanisms  of  isotopic  frac- 
tionation hinders  an  unequivocal  inter- 
pretation of  the  causes  underlying  this 
difference. 
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FIELD     EXPERIMENTS 


Field  Measurements  of  the  Gas  Ex- 
change Capacities   of  Phragmites 
communis  under  Summer  Con- 
ditions in  Death  Valley 

R.  W.  Pearcy,  J.  A.  Berry,  and 
B.  Bartholomew* 

Previous  field  measurements  in  Death 
Valley  (Year  Book  70,  p.  540)  have 
shown  that  the  C4  photosynthetic  path- 
way can  be  of  great  adaptive  value  in  this 
habitat,  particularly  for  plants  that  are 
summer  active  and  experience  high  leaf 
temperatures.  Species  possessing  C3 
photosynthesis  might  also  be  capable  of 
efficient  C02  uptake  under  the  high  tem- 
peratures characteristic  of  the  summer  in 
Death  Valley.  We  have  therefore  made 
field  measurements  of  the  gas  exchange 

*  Department  of  Biological  Sciences,  Stan- 
ford University. 


capacity  of  Phragmites  communis  Trin. 
during  July  1971  in  Death  Valley.  This 
species  is  one  of  the  few  that  possess  C3 
photosynthesis  and  grow  primarily  during 
the  summer. 

Phragmites  communis  is  a  grass  species 
occurring  in  moist  habitats  throughout 
much  of  the  world  (Hitchcock,  1950).  In 
Death  Valley  it  occurs  near  springs  on 
soils  of  high  moisture  and  low  to  moder- 
ate salt  content  (Hunt,  1966) .  The  site 
selected  for  the  field  experiments  was 
located  at  Saratoga  Springs  in  the  south- 
ern end  of  Death  Valley  at  an  elevation 
of  66  meters  above  sea  level.  The  stand 
of  P.  communis  was  about  15  X  50  meters 
in  size  and  consisted  of  densely  packed 
shoots  of  2  to  2.5  meters  in  height.  Meas- 
urements were  conducted  on  plants  about 
2  meters  from  the  edge  of  the  stand.  The 
upper  three  leaves  of  a  single  shoot  were 
used   in  all  experiments.    These  leaves 
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averaged  18  cm  in  length  and  2.5  cm  in 
width  and  were  oriented  at  an  average 
angle  of  about  70°  from  horizontal.  These 
leaf  angles  were  not  disturbed  in  mounting 
the  shoot  within  the  plant  chamber.  All 
measurements  were  made  with  the  aid  of 
a  self-contained  mobile  laboratory  kindly- 
provided  by  Prof.  H.  A.  Mooney  of  Stan- 
ford University.  Specific  procedures  and 
methods  were  as  described  previously 
(Mooney  et  al.,  1971 ;  Year  Book  70,  p. 
540). 

Results.  The  diurnal  courses  of  photo- 
synthesis, leaf  resistance  to  water  vapor 
exchange  (Rw) ,  solar  radiation,  leaf  tem- 
perature, and  air  temperature  on  July  5, 
1971,  are  shown  in  Fig.  42.  This  day  was 
typical  of  summer  days  in  Death  Valley. 
Photosynthetic  rates  increased  sharply  as 


soon  as  the  leaves  were  exposed  to  direct 
sunlight  up  to  the  maximum  rate  meas- 
ured of  12.4  /miole  dm"2  min"1.  Because 
of  the  leaf  orientation  substantially  more 
irradiance  was  received  by  the  leaves  at 
low  solar  angles  than  by  the  horizontally 
placed  thermopile.  Photosynthetic  rates 
declined  slightly  following  the  initial 
maximum  but  remained  in  the  range  of 
10-11.5  //.mole  dm"2  min"1  until  midafter- 
noon.  The  rate  then  declined  as  leaf 
temperature  increased  in  response  to 
strong  winds  which  developed  about 
14:00  hrs.  Leaf  resistances  dropped  in 
early  morning  to  about  2  sec  cm"1  shortly 
after  the  leaves  were  exposed  to  direct 
sunlight,  and  remained  there  until  the 
leaves  were  shaded  in  the  evening.  At  a 
leaf  temperature  of  37  °C  and  an  ambient 


Solar  time, hrs 


Fig.  42.  Diurnal  course  of  irradiance,  air  temperature,  and  rate  of  C02  uptake;  resistance  to 
water  vapor  transfer;  and  leaf  temperature  of  Phragmites  communis  on  July  5,  1970,  in  Death 
Valley,  California. 
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dew  point  of  1°C  the  transpiration  rate 
for  this  leaf  resistance  would  be  0.116  g 
dm"2  min"1. 

Leaf  temperatures  were  about  20  °C 
just  prior  to  exposure  to  direct  sunlight. 
Following  exposure,  leaf  temperatures 
climbed  rapidly  to  about  30  °C  and  then 
more  slowly  to  about  35-37  °C  during  the 
middle  of  the  day.  Maximum  leaf  tem- 
peratures of  41  °C  occurred  during  the 
late  afternoon  when  strong  winds  were 
blowing.  Leaf  temperatures  were  always 
below  air  temperature.  The  difference 
between  leaf  temperatures  and  air  was 
2-3  °C  in  the  early  morning  and  late 
afternoon  and  5-10°C  during  midday. 
Similar  differences  were  also  found  on 
July  6  and  7. 

Xylem  sap  pressure  was  determined  for 
the  upper  part  of  the  shoot  on  Phragmites 
communis  with  the  pressure  bomb  tech- 
nique (Scholander  et  al.,  1965).  Mini- 
mum negative  pressures  in  the  morning 
were  about  — 10  bars.  Maximum  nega- 
tive pressures  were  about  —17  bars  dur- 
ing the  middle  of  the  day.  These  values, 
together  with  the  low  leaf  resistances  to 
water  vapor  exchange,  indicate  that  P. 
communis  was  probably  not  under  sig- 
nificant water  stress. 

The  temperature  dependence  of  photo- 
synthesis was  determined  on  July  7  and 
is  shown  in  Fig.  43.  Maximum  rates  of 
photosynthesis  occurred  at  30  °C  and 
were  substantially  lower  at  40  °C.  Leaf 
resistances  were  about  2  sec  cm-1  at  30° 


Leaf  temperature, °C 


Fig.  43.    Dependence  of  photosynthetic  C02 
uptake  on  leaf  temperature  in  Phragmites  com- 


and  increased  to  about  2.4  sec  cm"1  at 
35°  temperatures.  They  decreased 
slightly  with  decreasing  temperature  be- 
low 30°. 

Table  31  gives  the  leaf  temperatures 
for  the  dominant  species  occurring  in  the 
Saratoga  Springs  area.  Leaf  tempera- 
tures for  most  species  were  close  to  air 
temperature  and  ranged  between  42  °C 
and  46  °C.  The  leaf  temperatures  of  P. 
communis,  however,  were  5— 9°C  lower 
than  those  of  other  species.  This  appar- 
ently resulted  from  both  a  significant  re- 
duction of  leaf  temperature  below  air 
temperature  and  an  effect  of  the  stand  on 
the  temperature  of  the  air  close  to  it. 
Both    leaf    and    air    temperatures    were 


TABLE  31.  Leaf  Temperatures  of  Some  Plants  Occurring  in  the 
Saratoga  Spring  Area  of  Death  Valley 


T  Leaf  °C* 

T  Air°C 

T  Air    —   T  Leaf°C 

Allenrolfea  occidentalis 

42.0 

Atriplex  lentiformis 

44.0 

44.9 

-0.9 

Atriplex  hymenelytra 

44.7 

Distichlis  spicata 

46.0 

44.6 

+  1.4 

Larrea  tridentata 

45.0 

44.1 

+0.9 

Phragmites  communis 

36.8 

42.5 

-5.7 

Prosopis  juliflora 

43.6 

Tidestromia  oblongifolia 

43.5 

44.1 

-0.6 

*  Measured  with,  a  thermocouple  on  the  underside  of  the  leaf.  All  values  are  means  of 
3-5  determinations  on  fully  sunlit  leaves  made  between  12:00  and  13:00  hrs  on  July  4, 
1971. 
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about  3°C  higher  at  the  edge  than  at  the 
center  of  the  stand  in  midafternoon. 

Discussion.  The  results  obtained  for 
Phragmites  communis  contrast  markedly 
with  those  previously  obtained  for  a  sum- 
mer active  species  with  C4  photosynthe- 
sis, Tidestromia  oblongifolia  ( Year  Book 
70,  p.  540).  The  photosynthetic  rates  of 
P.  communis,  although  relatively  high, 
were  only  about  one-half  of  those  of  T. 
oblongifolia.  Leaf  resistances  to  water 
vapor  exchange  were  similar  for  the  two 
species.  However,  the  much  lower  leaf 
temperatures  experienced  by  P.  com- 
munis resulted  in  transpiration  rates  that 
were  only  about  60%  of  those  of  T.  ob- 
longifolia. The  rates  of  photosynthesis 
and  transpiration  are,  however,  much 
higher  than  those  reported  from  field 
measurements  of  other  desert  species  pos- 
sessing C3  photosynthesis  (Strain,  1969, 
1970;  Lange  et  al,  1969).  The  marked 
reduction  of  the  leaf  temperature  for  P. 
communis  of  up  to  9°C  below  air  tem- 
perature contrasts  greatly  with  results  for 
T.  oblongifolia,  which  had  leaf  tempera- 
tures very  similar  to  air  temperature  on 
comparable  days. 

The  reduction  of  leaf  temperature  be- 
low air  temperature  for  P.  communis  re- 
sults from  the  combination  of  a  high 
transpiration  rate,  a  nearly  vertical  leaf 
orientation,  and  moderately  large  leaves. 
In  order  for  leaf  temperatures  to  be  be- 
low air  temperature,  more  energy  must 
be  dissipated  via  transpiration  than  is 
gained  through  radiation.  Leaf  angles  for 
the  upper  leaves  averaged  70°  from  hori- 
zontal. The  solar  angle  at  noon  for  the 
latitude  of  Death  Valley  in  July  is  84°. 
For  a  pair  of  leaves  oriented  north  and 
south  the  angle  of  incidence  was  14°  for 
the  leaves  pointing  toward  the  sun  and 
26°  for  the  leaves  pointing  away  from 
the  sun.  The  corresponding  values  for 
incident  solar  radiation  on  these  surfaces 
were,  according  to  the  cosine  law,  0.33 
cal  cm"2  min"1  and  0.58  cal  cm"2  min"1. 
Assuming  a  fractional  absorption  of 
about  0.60  for  these  leaves,  the  absorbed 
solar  radiation  was  0.20  and  0.35  cal  cm"2 


min"1.  Transpiration  at  a  rate  of  0.116 
g  dm"2  min"1  would  consume  0.67  cal 
cm"2  min"1.  Thus,  more  energy  could  be 
dissipated  via  transpiration  than  was  ab- 
sorbed from  the  sun. 

The  strong  reduction  of  leaf  tempera- 
tures via  transpirational  cooling  is  prob- 
ably of  great  adaptive  significance  for  P. 
communis.  The  photosynthetic  tempera- 
ture response  of  this  species  shows  that 
unlike  T.  oblongifolia  it  does  not  possess 
a  photosynthetic  mechanism  that  is  most 
efficient  at  high  temperatures.  The  tem- 
perature optimum  for  photosynthesis  of 
30  °C  is  similar  to  that  reported  for  C3 
species  from  temperate  habitats  and  con- 
trasts greatly  with  the  47  °C  temperature 
optimum  reported  for  the  C4  species  T. 
oblongifolia  (Year  Book  70,  p.  544).  If 
leaf  temperature  for  P.  communis  in 
Death  Valley  were  close  to  air  tempera- 
ture, significantly  lower  photosynthetic 
rates  would  result.  The  transpirational 
cooling,  although  it  does  not  reduce  leaf 
temperatures  to  the  optimum  for  photo- 
synthesis, does  result  in  much  more  favor- 
able temperatures  and  significantly 
higher  photosynthetic  rates. 
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Reciprocal  Transplant  Responses  of 
C3  and  C4  Atriplexes 

M.  A.  Nobs,  R.  W.  Pearcy,  J.  A.  Berry, 
and  F .  Nicholson 

Comparative  laboratory  studies  of  C3 
and  C4  species  of  plants  predict  that  C4 
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plants  are  better  adapted  to  carry  on 
efficient  photosynthesis  in  habitats  with 
warm  temperatures,  high  irradiance,  and 
limited  water  supply  (Bjorkman,  1971). 
This  is  consistent  with  the  natural  occur- 
rence of  C4  plants  in  such  habitats.  The 
predominance  of  C3  species  in  cooler 
mesic  environments  might  indicate  that 
C4  plants  are  unable  to  compete  success- 
fully with  C3  plants  under  these  condi- 
tions. Short-term  measurements  of  photo- 
synthetic  characteristics  disclose  no 
significant  differences  between  C3  and  C4 
species  at  lower  temperatures  or  low  ir- 
radiance (Bjorkman,  1971).  Thus,  the 
reason  for  the  scarcity  of  C4  species  in 
cool  mesic  conditions  is  not  clear.  To 
partially  fill  this  gap  in  our  knowledge,  a 
comparative  transplant  study  was  con- 
ducted during  this  past  year. 

Two  garden  sites  were  chosen  for  this 
study.  One  was  located  at  Stanford, 
California,  in  the  Institution's  experi- 
mental garden  and  the  other,  at  Francis 
Beach  State  Park  at  Half  Moon  Bay, 
California.  This  was  made  available  by 
Mr.  Ed  Johnson  of  the  San  Mateo  County 
Agricultural  Extension  Service.  The  gar- 
den at  Half  Moon  Bay  was  located  about 
80  meters  from  the  Pacific  Ocean  and  has 
cooler,  more  humid  conditions  during  the 
growing  season  than  Stanford,  which  has 
warmer,  semiarid  conditions  typical  of 
the  inland  valleys  of  California.  Detailed 


climatic  data  were  not  obtained  at  the 
garden  sites.  Table  32  summarizes  the 
mean  daily  maximum  and  minimum  tem- 
peratures (1951-1960)  at  the  U.S. 
Weather  Bureau  stations  in  Palo  Alto 
and  Half  Moon  Bay.  The  mean  daily 
maximum  temperatures  at  Palo  Alto  are 
considerably  higher  than  at  Half  Moon 
Bay.  While  the  mean  minimum  tempera- 
tures do  not  differ  significantly,  fog  with 
accompanying  heavy  dew  was  common  at 
night  throughout  the  summer  at  Half 
Moon  Bay  and  infrequent  at  Stanford. 
Only  traces  of  rainfall  occurred  at  either 
site  during  May  to  September.  Because 
of  the  fog,  irradiance  was  presumably 
often  lower  at  the  Half  Moon  Bay  garden 
than  at  Stanford.  In  each  garden  one 
series  of  replicates  received  only  natural 
precipitation.  In  order  to  study  the  effect 
due  to  water  stress,  a  plot  receiving  sup- 
plemental irrigation  was  included.  Two 
populations  each  of  Atriplex  patula,  a  C:i 
species,  and  A.  rosea,  a  C4  species,  were 
selected.  The  photosynthetic  characteris- 
tics of  these  species  have  been  reported 
previously  (Year  Book  68,  p.  620;  Year 
Book  70,  p.  520).  Morphologically,  A. 
patula  is  polymorphic  with  a  number  of 
recognized  subspecies.  A.  patula  ssp. 
hastata  (L.)  Hall  and  Clements,  collected 
in  a  coastal  salt  marsh  at  Pescadero  near 
Half  Moon  Bay,  California  {Year  Book 
68,  p.  621) ,  and  A.  patula  ssp.  spicata 


TABLE  32.   Mean  Daily  Maximum  and  Minimum  Temperatures  (1951-1960)  at  Palo  Alto 
and  Half  Moon  Bay  for  the  Months  of  the  Experiment* 


Month 

Mean  M 

iximum, 

°C 

Mean  Mi 

nimum, 

°C 

Palo  Alto 

Half  Moon 

Bay 

Palo  Alto 

Half  Moon  Bay 

March 

19.2 

14.5 

5.5 

5.8 

April 

20.0 

15.2 

7.3 

7.6 

May 

22.5 

17.0 

8.2 

8.9 

June 

25.0 

17.5 

10.2 

10.2 

July 

25.5 

17.2 

11.5 

10.9 

August 

25.5 

16.8 

11.2 

10.9 

September 

25.0 

21.0 

10.2 

11.0 

October 

22.6 

18.5 

8.2 

9.0 

*  Taken  from  U.S.  Weather  Bureau,  Climate  Summary  of   the   United  States,  Supplement  for 
1951-1960,  California,  p.  216,  1964. 
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Hall  and  Clements,  collected  in  the  hot 
central  valley  of  California  near  Los 
Banos  (Year  Book  70,  p.  518),  were  se- 
lected for  these  studies.  While  both  sub- 
species occur  near  salt  marshes,  A.  patula 
ssp.  spicata  occurs  in  a  hotter,  more  arid 
environment  than  the  coastal  A.  patula 
ssp.  hastata.  Atriplex  rosea,  an  intro- 
duced species  of  Eurasian  origin,  is  now  a 
common  weed  in  hot  semiarid  habitats  in 
Western  North  America.  It  is  very 
homogeneous  morphologically  with  no 
recognized  subspecies  or  varieties.  How- 
ever, two  populations  from  regions  of 
contrasting  summer  climates  were  se- 
lected. These  came  from  the  Palo  Alto 
Yacht  Harbor  on  San  Francisco  Bay  (see 
Year  Book  68,  p.  620)  and  from  the  hotter 
San  Joaquin  Valley  near  Los  Banos  (see 
Year  Book  70,  p.  520). 

Seeds  were  sown  at  Stanford  on  Feb- 
ruary 9  in  four  9-meter  rows  for  each 
population.  After  seedling  establishment 
the  plants  were  thinned  to  10  per  meter. 
The  material  for  the  garden  at  Half 
Moon  Bay  was  sown  in  the  Stanford 
greenhouse  on  March  9  and  reared  in  the 
nursery  until  the  plants  reached  the  same 
size  as  those  in  the  Stanford  garden  (4  to 
6  cm  tall).  On  April  4  these  were  trans- 
planted to  two  9-meter  rows  for  each 
population.  All  plantings  were  irrigated 
until  April  30  to  ensure  uniform  estab- 
lishment of  the  seedlings.  Thereafter,  two 
of  the  four  rows  of  each  population  at 


Stanford  and  one  of  the  two  at  Half 
Moon  Bay  were  left  unwatered.  The  re- 
maining rows  received  thorough  soaking 
irrigations  at  frequent  intervals  until  the 
end  of  the  experimental  period.  Starting 
on  April  30  and  at  two-week  intervals 
until  the  end  of  September,  a  sample  of  9 
plants  was  harvested  from  each  row. 
These  were  chosen  at  one-meter  intervals 
and  resulted  in  a  regular  thinning  as  the 
remaining  plants  increased  in  size.  The 
harvested  plants  were  air  dried  and 
weighed.  Weekly  notes  were  taken  of  the 
phenological  development  of  the  plants 
in  each  treatment,  and  plant  height  and 
diameter  were  measured  on  10  plants  of 
each  row. 

No  detectable  modification  in  growth 
habit  was  observed.  Atriplex  patula  ssp. 
hastata  was  subprostrate  in  all  treat- 
ments at  both  sites,  while  Atriplex  patula 
ssp.  spicata  and  A.  rosea  were  both  erect. 
The  phenological  development  of  the 
plants  is  summarized  in  Table  33,  which 
reports  the  time  in  days  from  the  start 
of  the  experiment  to  the  onset  of  flowering 
and  the  time  from  onset  of  flowering  to 
ripening  of  the  fruit.  Atriplex  patula  ssp. 
hastata  failed  to  set  ripe  fruit  in  the 
Stanford  garden  when  it  did  not  receive 
supplemental  irrigation.  Although  the 
plants  flowered  at  the  same  time  as  the 
irrigated  treatment,  they  did  not  survive 
to  the  end  of  the  experiment.  This  was 
obviously  due  to  severe  water  stress.   A. 


TABLE  33.   Elapsed  Days  from  the  Start  of  the  Experiment  (April  4,  1971)  until  Onset  of 
Flowering,  and  Days  from  Anthesis  to  the  Appearance  of  Ripe  Fruit* 


Plant 


Stanford  G 

irden 

Half  Moon  B 

iv  Garden 

Flowers 

Ripe  Fruit 

Flowers 

Ripe  Garden 

99  (96) 

103  (89) 

89  (87) 

89  (87) 

54  (f) 
71  (49) 

53  (53) 

54  (53) 

61  (63) 

152  (159) 

61  (68) 

96  (96) 

70  (68) 

t 

108  (107) 

81  (80) 

A.  patula  ssp.  hastata 
A.  patula  ssp.  spicata 
A.  rosea  (Palo  Alto) 
A.  rosea  (Los  Banos) 


*  Days  for  the  irrigated  treatments  are  followed  by  days  for  the  unirrigated  treatments  in  paren- 
theses, 
t  A.  patula  hastata  did  not  survive  to  set  ripe  fruit  in  the  Stanford  garden  when  unirrigated. 
%  A.  patula  spicata  green  fruit  had  not  ripened  by  October  22,  1971. 
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patula  ssp.  spicata,  in  contrast  to  the 
coastal  subspecies,  was  able  to  complete 
its  life  cycle  in  the  Stanford  garden  with- 
out receiving  supplemental  water.  A. 
patula  ssp.  spicata  did  not  flower  in  the 
Half  Moon  Bay  environment  until  mid- 
September,  the  warmest  period  of  the 
year.  Green  fruit  formed  but  had  not 
ripened  by  the  end  of  the  experiment. 
The  two  populations  of  Atriplex  rosea 
were  quite  similar  at  Stanford.  However, 
there  was  a  considerable  difference  in 
flowering  time  and  time  to  set  ripe  fruit 
in  the  Half  Moon  Bay  garden.  This  may 
indicate  that  some  differentiation  has  oc- 
curred in  this  species.    There  was  very 


little  effect  of  watering  on  the  pace  of 
development  of  this  plant. 

The  mean  dry  weights  of  the  plants 
harvested  during  the  course  of  the  experi- 
ment is  represented  in  Fig.  44.  The  bars 
of  the  histogram  represent  the  yield  of  the 
irrigated  and  nonirrigated  treatments  at 
Stanford  and  Half  Moon  Bay,  respec- 
tively, from  left  to  right.  A.  patula  ssp. 
spicata,  Fig.  44B,  increased  exponentially 
in  dry  weight  in  the  cool  environment  of 
Half  Moon  Bay  until  late  in  the  summer, 
reaching  over  1  kg  of  dry  weight  per 
plant.  This  remarkable  growth  rate  was 
in  part  due  to  the  fact  that  this  species 
remained  vegetative  until  near  the  end  of 
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Fig.  44.  Bar  graphs  showing  the  mean  yield  of  dry  weight  in  irrigated  and  nonirrigated  plantings 
of  Atriplex  in  the  gardens  at  Stanford  and  Half  Moon  Bay. 
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the  experiment.  There  was  some  differ- 
ential effect  of  irrigation  in  this  en- 
vironment late  in  the  experiment 
when  the  plants  were  quite  large 
and  air  temperatures  were  at  their  high- 
est. This  Ch  subspecies  in  the  cool  coastal 
environment  produced  a  greater  yield  of 
dry  matter  than  any  of  the  other  popula- 
tions either  at  Half  Moon  Bay  or  Stan- 
ford. A.  patula  ssp.  hastata,  which  is  na- 
tive to  the  coast,  grew  well  at  Half  Moon 
Bay  in  both  the  irrigated  and  nonirri- 
gated  treatments  and  produced  a  large 
seed  crop  (Fig.  44A).  In  the  Stanford 
garden  there  was  a  dramatic  effect  of 
irrigation  on  both  of  these  C3  species.  At 
the  end  of  the  experiment  the  ratio  of 
growth  in  the  nonirrigated  to  the  irrigated 
treatment  in  the  Stanford  garden  was 
0.05  for  A.  patula  ssp.  hastata  and  0.25 
for  A.  patula  ssp.  spicata  (Table  34). 
The  drought  had  an  apparent  effect  upon 
growth  even  early  in  the  season.  The  two 
subspecies  of  A.  patula  differed  dramatic- 
ally from  each  other  in  growth  habit  and 
response  to  different  environments.  A. 
patula  ssp.  spicata  was  better  adapted  to 
survive  in  the  arid  conditions  o'f  the 
Stanford  garden,  but  in  spite  of  its  tre- 
mendous growth  it  probably  would  not 
succeed  in  the  coastal  environment,  as  it 
would  not  reproduce.  A.  patula  ssp. 
hastata  is  well  adapted  to  the  cool,  moist 
coastal  environments.  It  cannot  tolerate 
aridity ;  however,  with  sufficient  water  it 
is  successful  in  warmer  habitats. 

The  water  requirement  of  the  C3 
species  of  Atriplex  for  growth  in  the  Stan- 
ford garden  contrasts  with  the  C4  species 
A.  rosea.  It  is  evident  from  Table  34  and 


from  statistical  analysis  (not  shown)  that 
there  was  no  significant  effect  of  watering 
on  the  growth  of  A.  rosea.  Both  popula- 
tions of  A.  rosea  were  similar,  and  in 
Table  34  the  data  for  both  have  been 
combined.  Evidently,  the  soil  in  the  non- 
irrigated  treatment  contained  enough 
water  at  the  start  of  the  experiment  to 
allow  full  growth  of  A.  rosea.  Figures 
44C  and  D  also  show  that  A.  rosea  at- 
tained approximately  the  same  size  in 
both  treatments  either  at  Stanford  or 
Half  Moon  Bay,  where  temperatures  were 
cooler  and  irradiance  was  lower.  Factors 
there  did  not  have  a  significant  effect  on 
the  growth  of  the  C4  species  A.  rosea.  The 
C3  subspecies,  however,  did  considerably 
better  in  this  coastal  environment.  Irri- 
gation of  these  A.  patula  subspecies  in  the 
Stanford  garden  greatly  stimulated 
growth.  Thus  it  is  likely  that  the  greater 
evaporative  demand  imposed  by  the  more 
arid  Stanford  environment  was  the  most 
important  factor  limiting  growth  in  the 
nonirrigated  treatments.  The  fact  that  A. 
patula  ssp.  spicata  flowered  earlier  at 
Stanford  than  at  the  coast  (see  Table  33) 
also  contributed  to  the  final  growth  dif- 
ference of  this  subspecies.  The  greater 
ability  of  the  C4  species  A.  rosea  to  cope 
with  a  limited  water  supply  can  be  pre- 
dicted from  measurement  of  photosyn- 
thetic  characteristics.  The  inability  of 
A.  rosea  to  respond  to  abundant  water 
supply  is  probably  a  consequence  of  its 
higher  stomatal  resistance  to  gas  ex- 
change, which  would  permit  high  water 
use  efficiency  at  the  expense  of  photosyn- 
thetic  rate.  It  appears  likely  that  this  re- 


TABLE  34.   Ratio  of  the  Yield  of  Dry  Weight  from  C  and  C4  Atriplex  Species  in 
Unirrigated  Treatments  to  Yield  in  Irrigated  Treatments  in  the  Stanford  Garden 


Date 


A.  patula  ssp.  hastata         A.  patula  ssp.  spicata 


A.  rosea 


May  21 

1.31 

July  2 

0.50 

July  30 

0.36 

Aug  27 

0.13 

Sept  24 

0.05 

1.00 
0.82 
0.51 
0.42 
0.25 


0.82 
0.78 
1.02 
0.74 
0.87 
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fleets  an  adaptation  to  the  semiarid  en- 
vironments where  it  occurs. 
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Preparation  of  a  Monograph  on  the 
Poa  Investigations 

William  H.  Hiesey  and  Malcolm  A.  Nobs 

The  results  of  the  20-year  study  on  the 
biological  structure  and  breeding  poten- 
tial of  native  bluegrasses  conducted  by 
the  Department  during  1943  to  1962  have 
not  yet  been  brought  to  final  publication. 
The  prime  mover  of  these  investigations 
was  the  late  Dr.  Jens  Clausen  who,  with 
other  members  of  the  staff  and  extensive 
help  from  collaborators  in  the  Soil  Con- 
servation Service,  the  Agricultural  Re- 
search Service,  and  European  botanists, 
conducted  these  unique  investigations  on 
members  of  the  biologically  complex 
genus  Poa. 

The  Poa  studies  began  with  a  primarily 
practical  objective,  namely,  that  of  de- 
veloping improved  forms  of  hybrid 
grasses  for  range  lands,  and  were  trig- 
gered by  the  pressures  engendered  by 
World  War  II.  It  soon  became  evident 
that  the  contributions  to  basic  knowledge 
relating  to  the  genetic  potential  and  evo- 
lutionary relationships  among  plant 
species  characterized  by  high  polyploidy 
and  facultative  apomixis  outweighed  in 
importance  the  practical  results  to  be 
gained  by  synthesizing  new  hybrid  lines 
potentially  suitable  for  agronomic  uses. 
The  steps  by  which  the  new  recombina- 
tions were  produced  and  the  analysis  of 
their  growth  responses  in  widely  different 
climates  in  comparison  with  the  parental 
forms  may,  however,  serve  as  a  guide  to 
plant  breeders  confronted  with  similar 
problems.  Reports  in  Year  Books  J+3  to 
61  outline  various  stages  of  the  Poa  stud- 
ies   and    review    some    of    the    results. 


Articles  in  journals  by  our  collaborators 
and  members  of  our  staff  cited  in  these 
reports  deal  with  special  aspects  of  these 
long-term  studies.  Following  his  retire- 
ment in  1956,  Dr.  Clausen  started  to  or- 
ganize the  extensive  accumulated  data  for 
publication  in  a  monograph  that  had  been 
planned  years  earlier.  His  activities  in 
other  interests  prevented  him  from  com- 
pleting this  task,  which  now  falls  to  his 
associates. 

Scope  of  the  investigations.  The  blue- 
grass  genus  Poa  is  very  large,  composed 
of  more  than  400  described  species  dis- 
tributed over  the  world,  principally  in 
cool-temperate  to  cold  regions.  Taxon- 
omists  have  grouped  these  into  subcate- 
gories known  as  sections.  The  species 
chosen  in  our  studies  included  15  clearly 
distinguishable  taxonomic  entities,  many 
of  which,  in  turn,  are  composed  of  cli- 
matic races,  or  ecotypes.  The  15  species 
fall  mostly  into  three  sections  as  recog- 
nized by  Hitchcock  (1950),  namely,  the 
Pratenses,  the  Scabrellae,  and  the  Neva- 
denses.  These  entities  include  a  suffi- 
ciently wide  sampling  base  for  an  entry 
into  the  study  of  general  biological  rela- 
tionships within  Poa,  which  consists  of  a 
number  of  species-complexes.  Through 
the  years  1943  to  1951,  79  interspecific 
combinations  were  attempted, 48  of  which 
yielded  hybrids  from  wild  parental 
strains  that  reproduce  primarily  by 
asexual  means.  The  hybrids  and  their 
derivatives,  which  included  both  sexually 
and  asexually  reproducing  plants,  were 
studied  in  detail  in  extensive  field  plant- 
ings involving  many  thousands  of  plants. 
For  the  most  part,  these  were  grown  for 
us  by  the  Soil  Conservation  Service  for 
the  purpose  of  study  and  screening  over  a 
15-year  period.  Some  40  highly  selected 
hybrid  strains  resulting  from  these  efforts 
were  then  grown  in  test  plantings  at  more 
than  35  widely  distributed  stations  in 
different  climates  in  North  America  and 
Europe  in  addition  to  the  altitudinal 
transplant  stations  maintained  by  the 
Department  along  the  Sierran  transect. 
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Phases  of  the  studies.  Starting  with 
many  unknowns,  especially  the  basic 
question  of  whether  it  is  possible  to  hy- 
bridize plants  reproducing  primarily  by 
asexual  means,  the  Poa  program  evolved 
through  a  series  of  stages.  The  first  phase 
was  a  survey  and  initial  selection  of 
source  materials  during  1942  and  1943,  a 
step  greatly  facilitated  by  the  excellent 
collections  of  the  U.S.  Soil  Conservation 
Service  at  their  regional  nurseries  at 
Pleasanton,  California,  and  Pullman, 
Washington,  that  were  freely  made  avail- 
able to  us  by  Dr.  A.  L.  Hafenrichter,  in 
charge  of  the  Western  Nursery  Division. 
Soon  after  the  assembly  of  selected  indi- 
vidual stock  plants  at  the  Stanford  lab- 
oratory, the  second  phase  of  making  in- 
terspecific crossings  was  begun  by  Dr. 
Clausen  in  1943  and  1944  and  followed 
by  later  hybridizations  through  1951. 
Cytological  studies  of  parents  and  hy- 
brids were  made  concurrently  and  guided 
the  selection  of  individuals  for  the  cross- 
ing experiments.  Hybrid  plants  were 
screened  from  maternal-like  nonhybrids 
through  selection  among  large  numbers 
of  seedling  progenies  grown  at  Stanford. 

The  third  phase  consisted  of  progeny 
tests  of  hybrids  in  spaced  field  plantings 
to  distinguish  between  apomictic  and 
sexually  reproducing  plants  and  to  study 
morphological  and  cytological  character- 
istics of  the  various  derivatives.  Such 
tests  were  continued  up  through  the 
fourth  generation  in  some  lines  and  in- 
volved extensive,  time-consuming  studies 
of  large  spaced  field  plantings  at  Stan- 
ford and  at  the  Soil  Conservation  Service 
Nurseries.  In  combination  with  the  cyto- 
logical studies  this  phase  yielded  a  great 
deal  of  pertinent  information  relating  to 
the  genetic  structure  and  biosystematic 
relationships  among  the  Poa  species. 

In  the  fourth  phase  a  comparison  of 
growth  responses  of  vegetatively  cloned 
parental  and  hybrid  individuals  was  un- 
dertaken at  the  altitudinal  transplant 
stations  at  Stanford,  Mather,  and  Tim- 
berline,  together  with  extensive  replicated 
field  tests  of  40  highly  selected  apomictic 


lines.  We  are  greatly  indebted  to  our 
many  collaborators  for  their  help  in 
carrying  out  this  phase.  These  include 
personnel  of  state  agricultural  experiment 
stations  working  under  the  guidance  of 
Dr.  A.  A.  Hanson  of  the  Agricultural  Re- 
search Service  and  colleagues  in  Scotland, 
Sweden,  Norway,  and  Denmark,  as  well 
as  the  personnel  of  the  Soil  Conservation 
Service.  These  test  plantings  were  studied 
at  yearly  intervals  by  members  of  our 
staff,  whose  data  supplement  those  kindly 
supplied  by  our  collaborators. 

The  fifth  and  final  phase,  consisting  of 
the  analysis  and  interpretation  of  the  ac- 
cumulated data  and  their  final  publica- 
tion, remains  to  be  completed.  Although 
considerable  progress  has  already  been 
made  in  this  direction,  much  of  this  task 
remains  before  the  Poa  monograph  can 
be  completed.  It  is  anticipated  that  this 
will  appear  as  Volume  VI  of  the  Institu- 
tion's Experimental  Studies  on  the  Na- 
ture of  Species  series,  the  target  date  for 
completion  of  the  manuscript  being  De- 
cember 1975.  The  delay  in  preparation  of 
this  monograph  over  that  originally 
planned  was  caused  by  the  preoccupation 
of  the  staff  with  new  developments  in  the 
Department's  program. 

Major  contributions.  Sufficient  time 
has  elapsed  since  the  termination  of  the 
experimental  work  on  Poa  in  1962  to 
allow  a  perspective  appraisal  of  the  re- 
sults of  the  extensive  efforts  of  the 
large  number  of  people  who  have  con- 
tributed to  the  Poa  program  at  a  consid- 
erable overall  cost.  It  now  seems  appar- 
ent that  among  the  approximately  40 
divergent  new  hybrid  apomictic  bluegrass 
strains  that  were  subjected  to  the  exten- 
sive field  tests  mentioned  above,  some  10 
were  sufficiently  promising  to  be  reason- 
ably serious  contenders  for  a  place  in 
some  phase  of  agronomic  use.  In  actual 
practice,  however,  none  of  these,  so  far  as 
we  are  aware,  has  been  sufficiently  out- 
standing to  displace  existing  commercial 
grasses  already  in  use. 

On  the  scientific  side,  our  understand- 
ing of  the  genetic  structure,  evolutionary 
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pathways,  and  breeding  potential  of  pri- 
marily apomictic  species-complexes  of 
higher  plants  such  as  the  Poas  has  been 
greatly  enriched.  Both  the  possibilities 
and  the  limitations  for  synthesizing  new 
hybrid  recombinations  fitted  to  different 
environmental  niches  have  become  evi- 
dent. Specific  examples  of  the  intricate 
interactions  between  internal  genetic 
factors  and  external  environmental  influ- 
ences on  the  growth  responses  and  selec- 
tion in  both  segregating  sexual  popula- 
tions and  in  apomictics  point  to  the 
evolutionary  processes  that  have  resulted 


in  the  numerous  present-day  wild  species 
of  Poa.  The  information  gained  can  be 
regarded  as  a  springboard  from  which 
further  research  on  characteristics  of 
apomictic  species-complexes  can  advance 
and  also  as  a  significant  contribution  to 
the  technology  of  plant  breeding. 
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ELECTRON  TRANSPORT  IN  PHOTOSYNTHESIS 


Studies  on  the  Role  of  Cytochrome 
6-559  in  Photosynthesis 

David  C.  Fork  and  Tetsuo  Hiyama 

Cytochromes  of  the  6  type  were  first 
observed  in  chloroplasts  by  Davenport 
and  by  Hill  (Davenport,  1952;  Hill, 
1954).  Subsequent  evidence  has  shown 
that  there  are  two  different  kinds  of  6- 
type  cytochromes,  namely,  cytochrome 
6-563  and  cytochrome  6-559  (Lunde- 
gardh,  1964;  Boardman  and  Anderson, 
1967;  Cramer  and  Butler,  1967;  Hind 
et  al.,  1967).  Although  cytochrome  6-559 
has  been  studied  by  a  number  of  workers, 
its  role  in  photosynthesis  has  yet  to  be 
established. 

It  has  recently  been  found  in  fraction 
2  particles  prepared  by  a  nondetergent 
method  developed  by  Michel  and  Michel- 
Wolwertz  (Year  Book  67,  p.  508)  that 
cytochrome  6-559  is  photooxidized  by 
photosystem  2  (Year  Book  70,  p.  472; 
Fork,  1972) .  The  results  presented  in  the 
previous  report  are  of  particular  interest 
because  hitherto  the  photooxidation  of 
cytochrome  6-559  has  only  been  seen 
under  special  conditions,  such  as  at  liquid 
nitrogen  temperatures  (Knaff  and  Arnon, 
1969;  Floyd  et  al,  1971 ;  Erixon  and  But- 
ler, 1971)  or  in  preparations  specially 
treated  with  Tris  buffer  or  high  pH 
(Knaff  and  Arnon,  1969;  1971)  or  with 


CCCP  (carbonylcyanide  ra-chlorophen- 
ylhydrazone)  (Hind,  1968).  The  action 
spectrum  described  in  last  year's  report 
(Year  Book  70,  p.  472)  clearly  indicated 
that  cytochrome  6-559  was  oxidized  by 
photosystem  2  at  room  temperature  in 
fraction  2  particles  prepared  by  the 
French  pressure  cell  method.  This  obser- 
vation did  not  depend  upon  treatment  of 
the  particles  in  a  special  way.  It  was 
further  suggested  that  the  oxidation  of 
cytochrome  6-559  could  be  induced  by 
system  1  after  certain  treatment,  such  as 
detergent  addition. 

We  have  further  characterized  the  role 
that  cytochrome  6-559  plays  in  photo- 
synthesis by  studying  fraction  2  particles 
that  are  believed  to  originate  from  the 
grana  areas  of  chloroplast  membranes 
(Sane  et  al.,  1970) .  As  seen  previously, 
photosystem  2  oxidized  cytochrome  6- 
559,  but  after  CCCP  was  added  to  the 
grana  particles,  system  1  oxidized  this 
cytochrome.  In  some  preparations  of 
grana  particles  it  was  necessary  to  add 
also  artificial  electron  carriers  such  as 
N,N,N',N'  tetramethyl-p-phenylenedia- 
mine  (TMPD)  or  2,6-dichlorophenol- 
indophenol  (DCIP)  in  order  to  see  this 
system  1  photooxidation  of  cytochrome 
6-559  after  CCCP  addition.  The  need  to 
add  an  artificial  electron  carrier  indicates 
the  loss  of  a  natural  carrier  from  these 
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particles  that  apparently  was  not  plasto- 
cyanin  because  this  substance  was  with- 
out effect  in  this  regard. 

The  electron  donor,  1,5-diphenylcarbo- 
hydrazide  (DPC),  inhibited  cytochrome 
6-559  oxidation  in  certain  preparations 
where  DPC  could  restore  the  impaired 
DCIP  Hill  reaction.  DPC  is  known  to  be 
a  substitute  for  water  as  electron  donor  in 
particles  that  have  lost  their  water  oxida- 
tion activity  (Vernon  and  Shaw,  1969). 
In  other  preparations,  on  the  other  hand, 
where  electron  transport  activity  from 
water  to  system  2  was  apparently  less 
damaged,  DPC  had  little  effect  either  on 
DCIP  reduction  or  on  cytochrome  6-559 
oxidation. 

These  two  different  types  of  particles 
could  be  obtained  depending  upon  the 
time  of  year  when  the  spinach  was  grown. 
One  type  of  particle  was  apparently  less 
damaged  during  isolation  and  had  a  more 
intact  electron  transport  activity  than 
the  other.  It  was  found  that  treatment  of 
the  more  intact  particles  with  concen- 
trated Tris  buffer,  a  procedure  known  to 
damage  electron  transfer  activity  in 
photosystem  2  (Yamashita  and  Butler, 
1968),  removed  the  differences  between 
the  two  types  of  particles. 

Grana  (fraction  2)  particles  were  pre- 
pared from  market  spinach  as  previously 
described  (Year  Book  70,  p.  472).  When 
required,  the  grana  particles  were  washed 
in  0.8  M  Tris  buffer  (pH  8.0)  according 
to  the  method  of  Yamashita  and  Butler 
(1968). 

Light-induced  changes  of  absorbance 
were  measured  as  described  previously 
(Fork  and  Murata,  1971).  The  half- 
bandwidth  of  the  measuring  beam  was 
2.5  nra  for  most  measurements.  Red 
actinic  light  having  wavelengths  from  650 
to  750  nm  and  an  intensity  of  4  X  105 
erg  cm"2  sec"1  and  far-red  actinic  light 
having  wavelengths  from  690  to  750  nm 
and  an  intensity  of  about  2.2  X  105  erg 
cm"2  sec"1  were  used  for  all  experiments 
unless  otherwise  indicated. 

The  sample  cuvette  used  for  the  experi- 
ments had  a  pathlength  of  0.5  cm.    All 


experiments  were  run  at  room  tempera- 
ture (20°C)  and  in  the  buffer  solution 
used  to  prepare  the  particles:  150  mM 
KC1  and  50  mM  Tricine  (pH  7.8).  A  1- 
min  dark  interval  was  usually  used  be- 
tween exposures. 

As  mentioned  before,  two  different 
types  of  fraction  2  particles  could  be  ob- 
tained with  regard  to  the  effect  of  CCCP 
on  their  oxidation-reduction  reactions  of 
cytochrome  6-559  and  their  electron 
transfer  activity  associated  with  photo- 
system  2.  One  type,  which  we  called 
Type  I,  was  obtained  from  spinach  pur- 
chased during  the  spring  (March  to 
May).  Particles  obtained  from  spinach 
during  this  period  apparently  had  less 
damaged  electron  transfer  activity  than 
those  obtained  from  spinach  leaves  dur- 
ing the  fall  and  winter  months  (October 
to  February),  which  we  called  Type  II 
particles.  The  latter  particles  apparently 
had  more  damaged  electron  transfer  ac- 
tivity and  resembled  a  Type  I  prepara- 
tion that  had  been  washed  in  0.8  M  Tris 
buffer. 

The  effect  of  CCCP  upon  the  light- 
induced  redox  state  of  cytochrome  b-559. 
The  time  courses  of  absorption  changes 
at  427.5  nm  in  Type  I  grana  particles 
exposed  to  red  actinic  light  are  shown  in 
Fig.  45.  In  the  control  experiment  (trace 
a)  there  was  an  abrupt  absorption  de- 
crease upon  illumination  that  was  fol- 
lowed by  a  further  decrease  that  con- 
tinued until  it  reached  a  steady  state. 
Upon  cessation  of  illumination  after  one 
second,  the  absorption  increased  back  to 
the  initial  dark  level  with  a  half  rise  time 
of  several  seconds.  It  has  been  shown 
both  by  difference  and  by  action  spectra 
that  the  abrupt  initial  decrease  is  pro- 
duced by  cytochrome  /  and  P700  associ- 
ated with  photosystem  1 ;  whereas  the 
slow  change  is  attributable  to  the  oxida- 
tion of  cytochrome  6-559  induced  by  sys- 
tem 2  ( Year  Book  70,  p.  472) .  After  the 
addition  of  10"5M  CCCP  (trace  6)  the 
initial  system  1  change  remained  un- 
affected, but  the  slow  decrease  of  absorb- 
ance was  replaced  by  only  a  slight  in- 
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Fig.  45.  Light-induced  absorbance  changes  at 
427.5  nm  produced  by  grana  particles  upon  ex- 
posure to  1-sec  periods  of  red  actinic  light  as 
described  in  the  text.  The  particles  (Type  I) 
were  obtained  from  spinach  leaves  grown  in 
the  spring.  The  half-band  of  the  measuring 
beam  was  2.5  nm.  The  concentration  of  CCCP 
was  10  /j.M  during  measurements  of  traces  b,  c, 
and  d  and  20  fiM  for  traces  e,  },  and  g.  Chloro- 
phyll concentration  35.5  /ng/ml. 


crease.  In  a  second  exposure  after  adding 
CCCP  (trace  c)  this  slight  increase  was 
no  longer  visible.  After  the  sample  was 
kept  in  the  dark  for  1  min,  however,  the 
slow  absorbance  decrease  (oxidation) 
could  again  be  seen  (trace  d)  similar  to 
that  observed  in  trace  a.  The  difference 
spectrum  for  this  recovered  change  was 
characteristic  of  cytochrome  6-559  and 
had  a  positive  peak  at  412  nm  and  a 


negative  peak  at  427.5  nm  similar  to  that 
seen  previously  for  this  cytochrome  {Year 
Book  70,  p.  472).  As  will  be  shown  later, 
the  photooxidation  of  the  cytochrome  b- 
559  recovered  in  the  presence  of  CCCP 
was  induced  by  system  1. 

If  the  same  reaction  mixture  was 
shaken  in  air  for  several  seconds,  then  the 
kinetics  of  the  absorbance  changes  were 
strikingly  different  (trace  e).  Following 
the  initial  decrease  a  fairly  slow  increase 
was  seen  that  continued  until  it  reached 
a  steady-state  level  significantly  above  the 
dark  level.  Upon  cessation  of  illumination 
a  small  absorption  increase  occurred  that 
was  most  likely  due  to  the  recovery  of 
system  1  components  (cytochrome  /  and/ 
or  P700)  and  was  followed  by  an  ex- 
tremely slow  recovery.  A  subsequent  ex- 
posure (/)  again  produced  an  absorption 
decrease  as  in  trace  d.  After  another  brief 
aeration,  however,  the  absorption  increase 
(reduction)  again  returned  (trace  g) . 
This  "flip-flop"  sequence  of  kinetics  could 
be  repeated  several  times.  To  obtain  re- 
producible results  each  time,  bubbling 
with  oxygen  rather  than  air  was  found  to 
be  necessary.  Later,  we  found  that  a  long 
exposure  to  low  intensity  far-red  light 
prior  to  red  illumination  could  substitute 
for  oxygen  bubbling.  The  difference  spec- 
trum for  this  light-induced  absorption 
increase  (such  as  seen  in  traces  e  and  g) 
indicates  that  the  change  can  be  attrib- 
utable to  the  reduction  of  cytochrome  b- 
559  (Fig.  46). 

A  tentative  interpretation  of  this  "flip- 
flop"  mechanism  would  be  as  follows.  In 
order  to  see  the  photooxidation  of  the 
cytochrome  6-559,  it  is  first  necessary  to 
have  it  in  its  reduced  form  prior  to  illumi- 
nation (and  vice  versa).  In  the  absence 
of  CCCP  it  appears  quite  likely  from  the 
recovery  kinetics  (see  trace  a)  that  either 
a  photoreduced  product  or  an  endogenous 
reductant  can  reduce  the  cytochrome 
fairly  rapidly  in  the  dark.  In  the  pres- 
ence of  CCCP,  on  the  other  hand,  these 
reductants  can  apparently  no  longer  re- 
duce cytochrome  6-559  efficiently,  as  can 
be   seen   by  the   much   slower  recovery 
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Fig.  46.  Light-mmws-dark  difference  spectrum 
for  fraction  2  (grana)  particles  from  spinach 
(Type  I)  obtained  using  1-sec  exposures  to  red 
actinic  light  having  an  intensity  and  a  wavelength 
distribution  as  described  in  the  text.  A  1-min 
exposure  to  weak  far-red  light  having  an  inten- 
sity of  6,800  ergs  cm"2  sec"1  and  wavelengths  ex- 
tending from  690  to  750  nm  preceded  each  red 
exposure.  The  half-band  of  the  measuring  beam 
was  2  nm.  The  concentration  of  CCCP  was  10 
ixM  and  of  chlorophyll,  25.1  /tig /ml.  The  extent 
of  the  change  during  the  slow  phases  following 
the  abrupt  absorption  changes  upon  illumina- 
tion were  plotted  (see  traces  e  and  g  in  Fig.  45). 


kinetics  (see  trace  /).  This  may  be  due 
to  a  lower  redox  potential  of  the  cyto- 
chrome induced  by  CCCP  (Cramer  et  at., 
1972) .  A  separate  experiment  with  ex- 
ternally added  ascorbate  did  not  change 
the  overall  "flip-flop"  picture.  Appar- 
ently, red  light  that  excites  system  2  pro- 
duces a  more  powerful  reductant  than 
ascorbate,  resulting  in  the  reduction  of 
cytochrome  6-559  in  the  presence  of 
CCCP.  Aeration  and  far-red  light  pre- 
treatment  ensure  that  cytochrome  6-559 
is  almost  completely  oxidized. 

In  order  to  determine  which  one  of  the 
photosystems  is  responsible  for  the  oxi- 
dation and  reduction  of  cytochrome  6- 
559,  studies  were  made  of  the  effect  of  red 


and  far-red  light  on  the  changes  in 
grana  particles  to  which  CCCP  had  been 
added.  The  results  indicated  that  the 
reduction  of  cytochrome  6-559  is  induced 
by  system  2,  whereas  the  oxidation  is  a 
system  1  reaction.  This  interpretation 
was  further  supported  by  the  experiments 
illustrated  in  Fig.  47.   In  the  presence  of 


FR 

I 


AA427.5 
|0 

-lO"3 


Fig.  47.  The  effect  of  red  and  far-red  actinic 
illumination  on  absorbance  changes  produced  at 
427.5  nm  by  grana  particles  (Type  I)  in  the 
presence  of  20  fj.M  CCCP.  The  intensities  and 
wavelength  distributions  of  the  red  and  far-red 
actinic  beams  are  as  described  in  the  text.  A 
downward  pointed  arrow  marked  FR  or  R  indi- 
cates when  far-red  or  red  illumination,  respec- 
tively, was  given.  An  upward  pointing  arrow 
indicates  when  the  light  was  turned  off.  The 
sample  contained  10  fiM  methyl  viologen  and  a 
chlorophyll  concentration  of  35.5  /ig/ml.  The 
half-band  of  the  measuring  beam  was  2.5  nm. 
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CCCP  repeated  exposures  to  far-red 
light,  which  excites  only  system  1,  even- 
tually induced  only  a  small  oxidation  of 
cytochrome  6-559,  as  shown  in  trace  a  of 
Fig.  3.  It  was  seen  earlier  that  the  dark 
reduction  of  cytochrome  6-559  was  very 
slow  after  addition  of  CCCP  (traces  d 
and  /  of  Fig.  45).  If  the  dark  interval 
between  exposures  was  short,  then  repeated 
exposures  to  far-red  light  caused  almost 
all  of  the  cytochrome  to  accumulate  in 
the  oxidized  state.  Under  this  condition 
an  exposure  to  far-red  light  produced 
only  a  small  oxidation.  If  red  light  that 
could  excite  system  2  was  used  for  the 
next  exposure,  then  reduction  of  the  cyto- 
chrome could  be  seen  (trace  6  in  Fig.  47) . 
It  should  be  noted  that,  in  contrast  to  the 
experiment  in  Fig.  45  where  red  light  was 
used  throughout,  oxidation  by  aeration 
was  no  longer  necessary.  Trace  c  of  Fig. 
47  shows  that  a  subsequent  red-light 
illumination  induced  an  oxidation.  This 
oxidation  was  also  seen  (trace  d)  upon 
exposure  to  far-red  light,  provided  that 
the  cytochrome  was  previously  reduced 
by  a  long  enough  dark  interval  or  by  a 
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Fig.  48.  The  effect  of  CCCP  and  of  CCCP 
plus  TMPD  (both  10  iiM)  on  light-induced 
absorbance  changes  at  427.5  nm  in  grana  par- 
ticles prepared  from  winter-grown  spinach  leaves 
(Type  II).  The  reaction  mixtures  also  con- 
tained 0.1  iaM  ascorbate.  Chlorophyll  concen- 
tration, 17.9  Mg/ml.  The  half-band  of  the 
measuring  beam  was  2  nm.  Red  actinic  light. 


previous  exposure  to  red  light.  The  next 
exposure  to  far-red  light  (trace  e)  was 
given  after  a  1-min  dark  interval  and 
produced  only  little  further  oxidation, 
but  after  reduction  by  red  light  (trace  /) , 
far-red  light  produced  full  oxidation 
of  cytochrome  6-559  (trace  g).  These 
results  indicate  that  in  order  to  see  photo- 
oxidation  it  is  necessary  to  have  a  prior 
illumination  to  red  light  that  excites  sys- 
tem 2  (as  well  as  system  1)  in  order  to 
create  enough  of  the  reduced  form  of  the 
cytochrome. 

In  the  Type  II  preparation  (made  from 
fall  and  winter  spinach)  the  effect  of 
CCCP  on  cytochrome  6-559  was  some- 
how different.  As  shown  in  Fig.  48,  CCCP 
apparently  inhibited  photooxidation  of 
cytochrome  6-559  by  red  light  (compare 
traces  a  and  6).  A  subsequent  exposure 
to  either  far-red  or  red  light  did  not 
change  the  time  course  shown  in  trace  6. 
We  found,  however,  that  after  addition  of 
TMPD  (1(T5  M)  the  oxidation  of  cyto- 
chrome 6-559  could  apparently  be  re- 
stored (trace  c) .  The  difference  spectrum 
(in  the  a-region)  induced  by  far-red  light 
(Fig.  49)  showed  that  the  change  was  in- 
deed due  to  cytochrome  6-559. 

As  in  the  case  of  Type  I  particles,  cyto- 
chrome oxidation  in  Type  II  particles  was 
induced  by  system  2  in  the  absence  of 
CCCP  (Fig.  50) .  The  addition  of  TMPD 
alone  did  not  cause  any  significant  differ- 
ence in  this  regard.  A  comparison  of 
traces  a  and  6  in  Fig.  50  revealed  that  red 
light  was  most  effective  in  inducing  the 
slow  part  of  the  time  course  at  427.5  nm 
produced  by  cytochrome  6-559.  At  420 
nm,  where  P700  and  cytochrome  /  con- 
tributed about  equally  to  the  absorption 
change  (Fork  and  Murata,  1971)  but 
cytochrome  6-559  produced  little  con- 
tribution, there  was  an  equal  amount  of 
the  rapid  system-1  change  produced  by 
red  or  by  far-red  light  (traces  c  and  d) 
After  addition  of  CCCP  and  TMPD  the 
oxidation  was  apparently  induced  by 
photosystem  1.    A  comparison  of  traces 
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Fig.  49.  Light-mirats-dark  difference  spectrum 
for  grana  particles  prepared  from  winter  spinach 
leaves  (Type  II)  using  1-sec  exposures  to  the 
far-red  light.  Final  concentration  of  the  sub- 
stances in  the  reaction  mixture;  TMPD  and 
CCCP,  10  ixM;  sodium  ascorbate,  1  mAf. 
Chlorophyll  concentration,  37.9  /^g/ml.  The 
half-band  width  of  the  measuring  beam  was  2 
nm. 
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Fig.  50.  The  effectiveness  of  red  and  far-red 
light  in  producing  light-induced  changes  of  ab- 
sorbance  at  427.5  and  420  nm  in  grana  particles 
prepared  from  winter  spinach  leaves  (Type  II). 
The  reaction  mixture  contained  10  fiM  TMPD 
and  a  chlorophyll  concentration  of  37.9  /xg/ml. 


a  and  6  of  Fig.  50  with  a  and  6  of  Fig.  51 
shows  that  after  CCCP  addition  far-red 
light  was  as  effective  as  red  light  in 
inducing  the  cytochrome  6-559  change. 
In  addition,  traces  c  and  d  of  Fig.  51  show 
that  CCCP  did  not  alter  the  system  1 
absorption  changes  seen  at  420  nm  due  to 
cytochrome  /  and  P700. 

It  should  be  noted  that  CCCP  was 
required  for  the  switching  from  system  2 
to  system  1  activation  and  that  the  addi- 
tion of  TMPD  alone  did  not  produce  the 
system  1-induced  cytochrome  6-559  oxi- 
dation. An  effect  similar  to  that  produced 
by  TMPD  was  observed  when  DCIP  and 
2 ,3 ,5 ,6  -  tetramethy  1  -p-  pheny  lenediamine 
(DAD)  were  used,  although  to  a  lesser 
extent.  Some  other  electron  donors  such 
as  DPC  or  hydroquinone  did  not  produce 


the  effect.  It  is  of  interest  that  the  former 
group  of  donors  is  known  to  be  effective 
for  system  1,  while  the  latter  donors  work 
at  system  2. 

Electron  carriers  such  as  TMPD, 
DCIP,  and  DAD  probably  function  by 
mediating  electron  flow  between  cyto- 
chrome 6-559  and  another  electron  trans- 
fer component  closely  associated  with 
system  1.  In  Type  II  grana  particles 
some  natural  electron  carrier  may  be  lost, 
probably  during  the  preparation  proce- 
dure. Plastocyanin,  which  is  water  solu- 
ble and  thus  a  possible  candidate,  did  not 
produce  an  effect  similar  to  that  seen  with 
TMPD,  DCIP,  or  DAD.  This  indicates 
that  plastocyanin  is  not  the  natural 
mediator  missing  in  Type  II  particles. 
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Fig.  51.  The  effect  of  CCCP  and  TMPD  (10 
fiM)  and  the  effectiveness  of  red  and  far-red 
light  in  producing  absorbance  changes  at  427.5 
and  420  nm  in  grana  particles  prepared  from 
winter  spinach  leaves  (Type  II).  The  reaction 
mixture  contained  1  mM  sodium  ascorbate  and 
had  a  chlorophyll  concentration  of  37.9  fig/ ml. 

It  would  be  of  interest  in  this  regard 
to  see  whether  the  plastoquinone  antago- 
nist dibromothymoquinone  (DBMIB)  re- 
cently introduced  by  Trebst*  and  co- 
workers (Trebst  et  al.,  1970)  had  any 
effect  on  cytochrome  6-559  oxidation. 
Bohme  and  Cramer  (1971)  have  shown 
that  the  CCCP-induced  oxidation  of 
cytochrome  6-559  by  system  1  in  chloro- 
plasts  was  inhibited  by  DBMIB.  In  our 
experiment  with  grana  particles  (Type  I) 
the  cytochrome  6-559  oxidation  mediated 
by  system  2  (in  the  absence  of  CCCP) 
was    not    affected    by    the    addition    of 

*We  wish  to  thank  Prof.  Dr.  A.  Trebst  for 
kindly  supplying  us  with  DBMIB. 


DBMIB,  although  this  substance  was 
seen  to  accelerate  somewhat  the  dark 
reduction  of  the  cytochrome.  In  some  of 
these  preparations  of  grana  particles 
DBMIB  even  produced  a  slight  stimula- 
tion of  cytochrome  6-559  oxidation. 

On  the  other  hand,  the  cytochrome 
oxidation  induced  by  system  1  after  add- 
ing CCCP  to  Type  II  grana  preparations 
was  inhibited  by  DBMIB  (traces  a  and  6 
of  Fig.  52)  when  DCIP  was  used  as  the 
electron  transport  mediator  from  cyto- 
chrome 6-559  to  system  1.  When  the 
mediator  used  was  TMPD,  however,  no 
significant  effect  was  observed  (traces  c 


Fig.  52.  The  effect  of  DBMIB  on  the  absorb- 
ance changes  at  427.5  nm  in  grana  particles 
treated  with  either  CCCP  and  TMPD,  or 
CCCP  and  DCIP.  The  particles  were  Type  II. 
The  final  concentrations  of  substances  in  the 
reaction  mixture  (when  present)  were :  sodium 
ascorbate,  1  mM ;  CCCP,  1  /xM ;  DCIP,  10  fiM ; 
TMPD,  10  ^M ;  DBMIB,  20  ixM  for  trace  b  and 
40  fiM  for  trace  d.  Chlorophyll  concentration, 
26.7  Mg/ml.   Far-red  actinic  light. 
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Fig.  53.  A  scheme  to  show  the  effect  of 
DBMIB  on  the  oxidation  of  cytochrome  6-559 
in  the  presence  of  DCIP  or  TMPD  by  photo- 
system  I  in  Type  II  particles. 

and  d  of  Fig.  52).  This  result  indicates 
that  TMPD  carries  an  electron  from 
cytochrome  6-559  to  system  1  by  a  path- 
way that  does  not  involve  plastoquinone, 
whereas  DCIP  mediates  electron  trans- 
fers from  plastoquinone  to  system  1  ac- 
cording to  the  scheme  shown  in  Fig.  53. 
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Fig.  54.  The  effect  of  DPC  and  hydroquinone 
on  the  absorbance  changes  at  427.5  nm  in  grana 
particles  prepared  from  spinach  leaves  grown  in 
the  winter  (Type  II).  The  final  concentrations 
of  substances  in  the  reaction  mixture  (when 
present)  were:  sodium  ascorbate,  1  mM;  methyl 
viologen,  10  /xM ;  DPC,  1  mM;  HQ,  80  fiM. 
Chlorophyll  concentration  17.5  ^g/ml.  Red 
actinic  light. 


This  result  seems  consistent  with  the  re- 
sult of  Bohme  et  al.  (1971)  that  DBMIB 
inhibited  DCIP  reduction  in  intact 
chloroplasts. 

The  effect  of  electron  donors  on  cyto- 
chrome b-559.  Another  difference  be- 
tween Type  I  and  Type  II  particles  was 
the  effect  of  some  known  system  2  elec- 
tron donors  on  cytochrome  b-559  oxida- 
tion mediated  by  system  2.  With  Type  II 
particles  it  was  found  that  DPC  signifi- 
cantly inhibited  the  system  2-induced 
oxidation  of  cytochrome  6-559  (Fig.  54, 
traces  a  and  6).  In  this  regard,  Vernon 
and  Shaw  (1969)  have  found  DPC  to  be 
an  efficient  donor  to  system  2  in  chloro- 
plasts where  electron  flow  from  water  to 
system  2  was  impaired  (also  see  Brown, 
this  Year  Book,  p.  202).  A  result  similar 
to  that  found  with  DPC  on  cytochrome  6 
oxidation  was  also  found  with  HQ  (Fig. 
54,  traces  c  and  d).  If  Type  I  particles 
were  used,  then  DPC  and  HQ  did  not 
produce  a  significant  effect  (Fig.  55) .  In 
separate  experiments  it  was  found  that 
with  Type  I  particles  the  rate  of  DCIP 
reduction  was  little  stimulated  by  DPC 
or  HQ  addition ;  but  DCIP  reduction  was 
greatly  stimulated  by  DPC  or  HQ  addi- 
tion to  Type  II  particles.  Essentially  the 
same  results  with  regard  to  cytochrome  6 
oxidation  and  DCIP  reduction  were  ob- 
tained with  Type  I  and  II  particles  after 
they  had  been  washed  in  0.8  M  Tris 
buffer.  Neither  TMPD  nor  DCIP  alone 
produced  any  significant  effect  on  cyto- 
chrome 6-559  oxidation  by  system  2  in 
either  type  of  grana  preparation.  It  was 
also  found  that  DPC  as  well  as  HQ  did 
not  produce  a  significant  effect  on  CCCP- 
induced  cytochrome  6-559  oxidation  by 
system  1  either  in  Type  I  particles  with- 
out TMPD  or  in  Type  II  particles  with 
added  TMPD.  These  results  can  be  in- 
terpreted to  mean  that  in  preparations 
where  the  electron  transfer  system  from 
water  to  system  2  is  preserved  intact 
(Type  I  particles),  neither  DPC  nor  HQ 
can  effectively  contribute  to  electron 
transport,   even   though    cytochrome    6- 
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Fig.  55.  The  effect  of  DPC  and  hydroquinone 
on  the  absorbance  changes  at  427.5  nm  in  grana 
particles  prepared  from  spinach  leaves  grown  in 
the  spring  (Type  I).  The  final  concentrations 
of  substances  in  the  reaction  mixture  (when 
present)  were:  DPC,  0.1  mM;  HQ,  0.5  ml. 
Chlorophyll  concentration  23.1  ,ug/ml.  The  red 
actinic  light  used  was  described  in  the  text,  ex- 
cept that  the  intensity  of  the  light  used  to 
produce  traces  a  and  b  was  2.5  X105  ergs  cm-2 
sec"1. 

559  is  photooxidized  by  system  2.  In  im- 
paired preparations  such  as  those 
obtained  with  Type  II  or  Tris-washed  par- 
ticles, DPC  and  HQ  can  compete  effec- 
tively with  cytochrome  6-559  for  photo- 
oxidation  by  the  reaction  center  of  system 
2. 

The  redox  potential  of  cytochro?ne  b- 
559.  Recently  evidence  has  accumulated 
to  indicate  that  cytochrome  6-559  can 
have  at  least  two  different  forms  repre- 


sented by  a  high  (about  350  mV)  and  low 
(about  50  mV)  redox  potential  (Cramer 
et  al,  1972;  Wada  and  Arnon,  1971).  In 
order  to  understand  the  effect  of  CCCP 
it  was  necessary  to  find  out  which  form  of 
the  cytochrome  6-559  was  responsible  for 
the  observed  absorption  changes.  A  sim- 
ple way  to  check  this  was  to  observe  its 
reducibility  by  HQ  (E0'  =  290  mV) 
(Cramer  et  al,  1972).  In  fresh  Type  I 
preparations  some  endogenous  reductant 
apparently  prevented  us  from  observing 
a  clear  effect  of  HQ.  In  some  prepara- 
tions that  otherwise  had  characteristics  of 
Type  I  particles,  it  was  necessary  to  add 
a  reductant  such  as  ascorbate  in  order  to 
observe  cytochrome  6-559  oxidation.  In 
these  preparations  HQ  was  found  to  be 
just  as  effective  as  ascorbate,  suggesting 
that  in  Type  I  preparations  most  of  the 
cytochrome  6-559  was  in  its  high-poten- 
tial form.  In  fresh  Type  II  preparations 
cytochrome  6-559  was  also  in  its  high- 
potential  form,  as  judged  from  the  result 
obtained  by  the  same  method.  Figure  56 
shows  that  the  cytochrome  could  be  re- 
duced by  HQ  prior  to  photooxidation 
(traces  a  and  6) .  After  Type  I  and  Type 
II  particles  were  stored  in  a  cold  room 
for  more  than  a  day,  the  cytochrome  6- 
559  was  no  longer  reducible  by  HQ.  This 
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Fig.  56.  The  effect  of  HQ  on  absorbance 
changes  at  427.5  nm  in  grana  particles  prepared 
from  spinach  leaves  grown  in  the' winter  (Type 
II).  The  final  concentrations  of  substances  in 
the  reaction  mixture  were  methyl  viologen,  10 
fiM;  and  HQ,  0.1  mM  (for  trace  b).  The  chloro- 
phyll concentration  was  17.5  /Ag/ml.  Red  actinic 
light. 
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indicates  that  the  cytochrome  was  trans- 
formed to  the  low-potential  form  during 
storage.  It  is  of  particular  interest  that 
even  in  the  preparations  where  cyto- 
chrome 6-559  was  in  its  low-potential 
form,  it  was  still  necessary  to  add 
CCCP  in  order  to  induce  cytochrome  6- 
559  oxidation  by  system  1.  A  similar 
situation  was  observed  for  Tris-washed 
Type  II  particles,  as  is  shown  in  Fig.  57. 
In  these  particles  HQ  was  no  longer  an 
effective  reductant  for  cytochrome  b 
(traces  a  and  b) ,  but  ascorbate  (E0'  =  58 
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Fig.  57.  The  effect  of  HQ  and  ascorbate  and 
of  TMPD  and  CCCP  on  absorbance  changes  at 
427.5  and  557.5  nm  in  Type  II  particles  treated 
with  Tris  buffer.  The  final  concentrations  of 
substances  used  in  the  reaction  mixture  (when 
added)  were:  trace  a,  no  additions;  HQ,  0.1 
ml;  TMPD,  10  fiM ;  CCCP,  1  fiM.  Chloro- 
phyll concentration,  22  /xg/ml.  Red  actinic  light 
was  used  for  traces  a,  b,  and  c ;  and  far-red 
actinic  light,  for  traces  d  and  e. 


mV)  was  able  to  reduce  the  cytochrome 
6-559  present.  In  this  case;  red  light,  but 
not  far-red  light,  was  capable  of  produc- 
ing the  oxidation  (trace  c) .  Trace  d  of 
Fig.  57  (measured  at  the  minimum  in  the 
a-band  of  cytochrome  6-559)  shows  that 
far-red  light  did  not  give  rise  to  oxida- 
tion of  the  low-potential  cytochrome  6 
until  after  CCCP  had  been  added.  Thus 
CCCP  was  necessary  to  induce  the 
"TMPD-mediated"  cytochrome  6-559 
oxidation  by  system  1  (traces  d  and  e  of 
Fig.  57). 

The  results  of  the  present  study  may 
be  summarized  as  follows:  (1)  cyto- 
chrome 6-559  is  photooxidized  only  by 
system  2  in  fraction  2  particles  whether 
they  have  been  damaged  or  undamaged 
in  electron  transport  activity;  (2)  cyto- 
chrome 6-559  is  photooxidized  by  system 
1  regardless  of  its  original  redox  poten- 
tial only  when  CCCP  is  present.  With 
damaged  preparations  a  further  addition 
of  some  exogenous  carrier  such  as  TMPD, 
DCIP,  or  DAD  is  necessary  in  order  to 
mediate  photooxidation  of  cytochrome  6 
by  system  1. 

CCCP  is  a  known  uncoupler  of  phos- 
phorylation both  in  chloroplasts  and  in 
mitochondria  (Heytler,  1963).  Recently, 
it  was  reported  that  CCCP  can  also 
transform  the  high  redox  potential  form 
of  cytochrome  6-559  into  the  low-poten- 
tial form  (Cramer  et  al,  1972).  The 
effect  of  CCCP  on  electron  transport  from 
water  to  system  2  is,  on  the  other  hand, 
little  understood  and  will  be  discussed 
later.  It  has  been  suggested  by  Hiller 
et  al.  (1971)  that  CCCP  was  necessary 
to  observe  cytochrome  6-559  oxidation  by 
system  1.  The  observations  of  Hiller  et 
al.  (1971)  were  interpreted  as  resulting 
from  the  transformation  of  the  redox 
potential  of  cytochrome  6-559  (Cramer 
et  at.,  1972).  It  appears  from  the  pres- 
ent results  that  in  order  to  see  a  system 
1 -mediated  photooxidation  of  cytochrome 
6-559,  other  conditions  are  needed  in  ad- 
dition to  having  the  cytochrome  in  its 
low-potential  form.  From  the  present  re- 
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suits  it  appears  that  CCCP  inhibits  the 
oxidation  of  cytochrome  b-559  by  system 
2.  It  is  also  likely  that  CCCP  acts  at 
several  different  sites  on  the  photosyn- 
thetic  electron  transport  chain,  as  shown 
in  the  tentative  scheme  of  Fig.  58.  Per- 
haps CCCP  transforms  the  high-potential 
cytochrome  5-559  into  the  low-potential 
form  and,  in  addition,  accelerates  elec- 
tron transport  to  system  1  (possibly  by 
uncoupling  photophosphorylation)  and 
inhibits  cytochrome  oxidation  by  system 
2. 

It  should  be  noted,  however,  that  these 
apparent  multiple  effects  of  CCCP  might 
be  explained  by  CCCP  acting  at  a 
single  site  in  a  more  general  way.  For 
example,  CCCP  could  give  rise  to  a 
"membrane-conformational  change"  pro- 
ducing all  the  above-mentioned  effects. 

The  action  of  CCCP  on  electron  trans- 
port from  water  to  system  2  is  uncertain. 
De  Kieweit  et  al.    (1965)    observed   a 


Fig.  58.  Scheme  for  electron  transport  in 
photosynthesis  showing  the  interrelationships  of 
cytochrome  b-559  to  the  two  photochemical  sys- 
tems. See  text  for  details. 


strong  inhibition  of  oxygen  evolution  by 
CCCP.  m\\er  etal.  (1971)  also  suggested 
an  inhibition  by  CCCP  on  the  water  side 
of  system  2  because  of  its  inhibition  of 
trichlorophenolindophenol  reduction  by 
system  2.  On  the  other  hand,  Cramer  and 
Bohme  (1972)  failed  to  observe  any  sig- 
nificant effect  of  CCCP  on  the  electron 
transfer  activity  from  water  to  methyl 
viologen.  Our  preliminary  experiments 
with  Type  I  grana  particles  showed  that 

10  fjiM  CCCP  inhibited  DCIP  reduction 
less  than  30%.  However,  with  Type  II 
particles  as  well  as  with  Tris-washed 
Type  I  particles,  CCCP  produced  a  70% 
inhibition  of  the  DCIP  reduction  that 
was  supported  by  water  or  by  DPC  oxi- 
dation. A  somewhat  similar  result  was 
reported  by  Mantai  for  enzyme-treated 
chloroplasts  (Year  Book  68,  p.  598). 
Thus  it  appears  most  likely  that  the  effec- 
tiveness of  CCCP  depends  upon  the  na- 
ture of  the  preparation  and  particularly 
upon  its  electron  transfer  activity.  To 
correlate  this  result  with  those  obtained 
with  cytochrome  6-559,  however,  may 
require  further  elaboration  on  the  study 
of  photosystem  2. 

Tris  washing  of  the  more  intact  Type  I 
particles  causes  them  to  assume  most  of 
the  characteristics  of  the  less  intact  Type 

11  particles.  Thus  it  can  be  concluded 
tentatively  that  Tris  treatment  may 
either  wash  away  or  inactivate  some 
component  between  plastoquinone  and 
system  1,  besides  its  well-known  effect  on 
the  water  splitting  side  of  system  2.  This 
hypothesis  might  explain  partly  the 
restoration  of  the  activity  of  Tris-washed 
chloroplasts  by  treatment  with  DCIP 
and  ascorbate  (Yamashita  et  al.,  1971). 
The  reason  that  the  cytochrome  5-559 
oxidation  by  system  2  has  not  been  ob- 
served in  untreated  chloroplasts  or  intact 
leaves  (Hiller  et  al.,  1971)  remains  un- 
known ;  however,  this  apparent  lack  of  a 
change  may  be  explained  by  a  balance 
between  oxidation  and  reduction  of  this 
cytochrome.  Slight  damage  to  reactions 
leading  to  photoreduction  of  the  cyto- 
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chrome  may  unbalance  the  system  and 
allow  the  observation  of  light-induced 
oxidation.  Treatment  in  the  French  pres- 
sure cell  or  by  high  pH  (Knaff  and 
Arnon,  1971)  may  provide  these  condi- 
tions. In  one  case,  we  did  observe  the 
oxidation  of  cytochrome  b-559  in  un- 
treated Swiss  chard  chloroplasts  at  pH 
7.8. 

At  present,  the  role  that  this  cyto- 
chrome plays  in  photosynthesis  remains 
obscure.  Its  contribution  to  overall  elec- 
tron flow  may  not  be  great,  as  has  been 
discussed  previously  (Year  Book  70,  p. 
472;  Hiller  et  al,  1971).  If  cytochrome 
6-559  functions  in  a  cyclic  pathway  as- 
sociated with  photosystem  2,  then  it  may 
serve  as  a  mechanism  to  regulate  the 
overall  electron  flow  of  photosynthesis  as 
suggested  by  Cramer  et  al.  (1972).  Fur- 
ther study  on  this  matter  is  progressing. 

We  wish  to  acknowledge  aid  from 
Grant  GB  8630  from  the  National  Sci- 
ence Foundation,  which  greatly  facili- 
tated this  work. 
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An  Instrument  for  the  Quantitative 

Study  of  Rapid  and  Small  Absorption 

Changes  Induced  by  Flash 

Illumination 

Tetsuo  Hiyama  and  David  C .  Fork 

The  usefulness  of  a  short  flash  of  light 
for  the  study  of  photosynthesis  was  first 
shown  by  Emerson  and  Arnold  (1932a 
and  b) ,  and  this  led  to  the  concept  of  the 
photosynthetic  unit.  Since  then,  Norrish 
and  Porter  (1949;  Porter,  1950)  devel- 
oped the  technique  of  flash  photolysis  for 
the  study  of  short-lived  photochemical 
products.  This  technique  of  flash  photol- 
ysis was  adapted  by  Witt,  Moraw,  and 
Miiller  (1959)  for  studying  photosynthe- 
sis, thereby  allowing  sensitive  and  rapid 
spectrophotometric  measurements  on 
plant  material  to  be  made.  Several  other 
laboratories   have   also  used  this  tech- 
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nique,  and  it  has  proved  particularly  use- 
ful for  the  study  of  the  reactions  closely 
associated  with  the  primary  events  of 
photosynthesis  (Chance  et  al.,  1963;  Ke 
et  al.,  1964;  De  Vault  and  Chance,  1966; 
Parson,  1968;  Hildreth,  1968;  Geller, 
1969;  Kihara  and  Chance,  1969;  Fork 
and  Murata,  1971;  Seibert  et  al,  1971). 
Flash-induced  absorbance  changes 
have  previously  been  studied  in  this 
laboratory  {Year  Book  69,  p.  682;  Year 
Book  70,  p.  461) .  This  year  an  apparatus 
was  constructed  with  a  more  intense  flash 
and  a  signal  averaging  device  in  order  to 
extend  the  study  to  a  closer  examination 
of  short-lived,  light-induced  intermedi- 
ates such  as  P700  and  P430.  These  pig- 
ments have  been  suggested  to  be  the 
primary  donor  (Kok,  1956)  and  the  pri- 
mary acceptor  (Hiyama  and  Ke,  1971), 
respectively,  of  photosystem  1.  The  in- 
strument is  also  being  planned  for  the 
study  of  other  intermediates  involved  in 
photosynthetic  electron  transfer.  The 
major  part  of  this  instrument  was  built 
around  the  spectrophotometer  already 
constructed  by  Fork  (Kouchkovsky  and 
Fork,  1964)  by  adding  circuits  for  timing 
and  firing  of  a  xenon  flash  and  by  add- 
ing a  signal  averager  for  data  processing. 
Figure  59  shows  a  schematic  of  this  appa- 
ratus. The  signal  averager  (Nicolet  Instru- 
ment Corp.,  Madison,  Wise,  Model  1010) 
can  be  triggered  at  intervals  that  range 
from  5  to  50  sec  by  an  external  clock  (a 
low-frequency  pulse  generator) .  The  time 
resolution  of  the  present  set-up  is  limited 
by  the  analogue-digital  converter  in  the 
averager,  which  goes  down  to  20  ;u.sec  per 
address.  The  flash  lamp  (General  Elec- 
tric FT  403)  is  ignited  by  applying  a  high 
voltage  pulse  on  the  trigger  electrode  of 
the  lamp.  The  rise  time  of  the  flash  is 
less  than  10  /xsec  and  the  half  decay 
time  is  50  ju,sec.  The  high  voltage  pulse 
is  initiated  by  a  gate  pulse  from  the  aver- 
ager with  a  predetermined  delay,  thereby 
allowing  the  recording  of  the  dark  level 
of  absorption  prior  to  firing  of  the  flash. 
The  averaged  signal  from  a  certain  num- 


ber of  measurements  is  then  displayed 
on  an  oscilloscope  or  recorded  on  a  X-Y 
recorder.  The  analogue  signals  can  also  be 
stored  by  using  an  analogue  tape  recorder. 
For  analysis  of  complex  absorption 
change  kinetics,  we  plan  to  transmit  the 
direct  digital  output  to  the  ACME  com- 
puter discussed  previously  {Year  Book 
67,  p.  534;  Year  Book  68,  p.  608) . 

Figure  60  shows  some  traces  of  flash- 
induced  absorbance  changes  in  subchloro- 
plast  particles  prepared  by  digitonin 
treatment  of  Swiss  chard  chloroplasts. 
Although  the  method  used  for  prepara- 
tion of  subchloroplast  particles  was  like 
that  of  Anderson  and  Boardman  (1966), 
the  fraction  sedimenting  at  144,000  X  Q 
(D-144)  showed  an  extremely  low  con- 
tent of  P700  as  judged  from  experiments 
with  flash  excitation.  Nevertheless,  the 
absorption  changes  at  442  nm  due  to  P430 
could  be  measured  by  averaging  64  meas- 
urements (traces  d,  e,  and  /  of  Fig.  60) 
as  well  as  those  at  430  nm  which  are  due 
to  both  P700  and  P430  (Hiyama  and  Ke, 
1971a).  The  amount  of  P700  excited  by 
this  saturating  flash  was  estimated  to  be 
approximately  1  per  600  chlorophyll  a. 
Unlike  the  spinach  particles  studied 
earlier  (Hiyama  and  Ke,  1971b),  the  dark 
recovery  (oxidation)  of  P430  in  the  ab- 
sence of  secondary  acceptors  such  as 
methyl  viologen  in  the  Swiss  chard  par- 
ticles did  not  correspond  to  that  of  P700 
(compare  d  and  a).  With  spinach  par- 
ticles identical  recovery  kinetics  were 
previously  observed  at  both  430  and  442 
nm  and  explained  as  being  due  to  the 
direct  interaction  of  the  reduced  P430 
with  oxidized  P700  (Hiyama  and  Ke, 
1971b).  As  is  the  case  with  spinach  par- 
ticles, the  addition  of  methyl  viologen  to 
Swiss  chard  particles  accelerated  the  re- 
covery of  P430,  as  was  seen  by  the  faster 
dark  recovery  of  the  absorbance  change 
measured  at  442  nm  (compare  traces  e 
and  /  with  trace  d  of  Fig.  60).  On  the 
other  hand,  at  430  nm,  where  the  changes 
due  to  both  P700  and  P430  were  expected, 
the  recovery  was  biphasic  even  in  the 
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Fig.  59.  A  schematic  diagram  of  the  instrument  for  the  measurement  of  rapid  absorption  changes 
induced  by  a  short  flash. 
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Fig.  60.  Absorption  changes  produced  by  a  short  flash  in  light  particles  (D-144)  obtained  by 
digitonin  treatment  of  Swiss  chard  chloroplast  fragments.  The  traces  shown  are  photographs  of 
the  oscilloscope  display  produced  by  the  signal  averager.  At  430  nm  8  consecutive  exposures  given 
at  10-sec  intervals  were  averaged.  At  442  nm  64  measurements  were  averaged.  The  final  concen- 
trations of  substances  in  the  reaction  mixture  were:  Tricine  buffer  (pH  7.8),  50  mM;  sodium 
ascorbate,  0.5  mM;  TMPD,  50  /xM.  No  methyl  viologen  was  added  in  traces  a  and  d.  The  methyl 
viologen  concentrations  were  1  y.M  for  traces  b  and  e  and  10  fiM  for  traces  c  and  /.  Chlorophyll 
concentrations,  20  /tg/ml.  The  red  actinic  flash  used  was  passed  through  an  infrared  cutoff  filter 
(Balzer's  Calflex  C)  and  a  Schott  colored-glass  filter  (RG  2/4)  and  had  an  intensity  at  the  sur- 
face of  the  1-cm  cuvette  of  1.4  mJ/cm2.  The  measurements  were  made  at  room  temperature 
(20°C). 
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absence  of  methyl  viologen,  (trace  a). 
After  the  addition  of  methyl  viologen  the 
two  phases  became  more  evident.  The 
faster  phase  had  accelerated  and  the 
slower  phase  had  slightly  decelerated 
(traces  b  and  c).  In  a  previous  study 
with  spinach  particles  and  a  blue-green 
alga  (Hiyama  and  Ke,  1971a  and  b)  the 
fast  phase  was  attributed  to  P430  and  the 
slow  phase,  to  P700.  If  we  assume  the 
same  situation  exists  in  Swiss  chard  par- 
ticles, even  without  methyl  viologen  the 
majority  of  P430  is  re-oxidized  by  some 
oxidant  other  than  P700  and  in  turn  P700 
is  re-reduced  by  TMPD  (N,N,N',N'- 
tetramethyl-p-phenylenediamine)  rather 
than  directly  by  P430.  Oxygen  is  most 
likely  the  oxidant  for  P430,  although  some 
other  natural  cyclic  mediator  such  as  the 
"cytochrome-reducing  substance"  of  Fu- 
jita  and  Myers  (1966)  may  be  a  possi- 
bility. This  apparent  "uncoupling"  of 
P430  and  P700  may  also  be  produced  by 
the  low  concentration  of  reaction  centers 
in  this  Swiss  chard  preparation  which 
would  lower  the  probability  of  collision 
between  the  P700  and  P430  from  different 
photosynthetic  units.  A  rough  estimate 
of  the  extinction  coefficient  of  P430  in  the 
Swiss  chard  particles  (based  on  the  ex- 
tinction coefficient  of  P700  in  spinach 
obtained  by  Hiyama  and  Ke,  1972)  gave 
a  value  of  14  mM"1  cm"1,  close  to  that 
found  for  spinach  (Hiyama  and  Ke, 
1971b). 

This  work  was  supported  in  part  by  a 
grant  (GB  8630)  from  the  National  Sci- 
ence Foundation. 
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Design  and  Construction  of  a  Simple 

Device  for  Measuring  Actinic  Energy 

of  a  Low-Intensity  Flash 

Tetsuo  Hiyama 

Currently,  several  types  of  instruments 
for  measuring  light  energy  from  a  short 
flash  are  commercially  available.  They 
are,  however,  mostly  designed  for  high- 
energy  sources  such  as  lasers  and  are  not 
sensitive  enough  for  low-intensity  mono- 
chromatic flashes  required  for  studies  of 
photosynthesis,  particularly  for  the  de- 
termination of  the  quantum  yield  and  ac- 
tion spectra  of  many  photochemical  re- 
actions in  biological  systems.  A  simple 
instrument  for  this  purpose  was  designed 
and  constructed  for  monochromatic 
flashes  from  400  nm  to  1100  nm  and  with 
light  energy  as  low  as  100  erg  cm"2.    A 
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Fig.  61.  A  schematic  diagram  of  the  flash-energy  meter.  Photodiode,  SGD-040B,  (EG  &  G, 
Salem,  Mass.);  C,  4  to  16  fiF;  operational  amplifier,  Type  141B  (Analog  Devices,  Cambridge, 
Mass.).  A  power  supply  (D.C.  ±15  volts),  a  potentiometer  for  balancing  the  amplifier,  and  a 
circuit  for  zero  adjustment  were  omitted  from  the  diagram. 


schematic  diagram  is  shown  in  Fig.  61. 
It  consists  of  a  low  dark  current  photo- 
diode,  a  capacitor,  and  a  high  input- 
impedance  voltmeter.  A  silicon  diffused 
photodiode  with  guard-ring  construction 
had  extremely  low  dark  current  (typically 
10-9  amp  at  25°C).  Thus,  the  photocur- 
rent  induced  by  a  light  pulse  was  stored 
in  a  capacitor,  C  (4-16  yuF),  for  a  long 
time  with  little  loss.  The  stored  charge, 
which  was  proportional  to  the  light  en- 
ergy absorbed  by  the  photodiode,  was 
amplified  by  an  operational  amplifier 
with  high  input-impedance  (1000  Mohm) 
and  measured  by  a  microammeter.  The 
diode  was  embedded  in  a  brass  block  to  fit 
within  a  1  X  1  cm  cuvette  and  connected 
by  two  coaxial  cables  to  the  main  chassis. 
Special  precautions  were  taken  for  insula- 
tion and  shielding  to  maintain  high  im- 
pedance and  to  prevent  oscillation  due  to 
positive  feedback.  Included  in  the  main 
chassis  were  the  rest  of  the  parts  and  a 
power  supply  for  the  amplifier  stabilized 


by  zener  diodes.  Mercury  batteries  were 
used  for  biasing  the  photodiode.  For  cali- 
bration a  quartz  tungsten  lamp  having  an 
IR-cutoff  filter,  a  water  layer,  and  nar- 
row-band interference  filters  (5  nm)  were 
used.  The  intensity  was  measured  by  a 
thermopile  and  a  calibrated  photodiode 
at  each  wavelength.  A  photographic 
shutter  was  used  to  obtain  flashes  of  10 
msec  to  200  msec. 

Before  each  measurement  C  was  dis- 
charged by  closing  S.  The  reading  on  the 
microammeter  stayed  constant  for  several 
tens  of  seconds.  With  the  present  bias 
voltage  the  response  time  was  about  5  X 
10"8  sec,  which  was  fast  enough  for  a 
xenon  flash  and  normal-mode  lasers. 
With  higher  bias  voltage  up  to  90  volts 
the  response  time  could  be  as  fast  as 
4  X  10"9  sec,  which  is  fast  enough  for  Q- 
switched  lasers. 

This  work  was  in  part  supported  by  a 
grant  (GB  8630)  from  the  National  Sci- 
ence Foundation. 


FORMATION    AND    FUNCTION    OF    DIFFERENT 
FORMS    OF     CHLOROPHYLL 


Protochlorophyll  Transformation  and 

the  Succeeding  Interconversions  of 

the  Different  Forms  of 

Chlorophyll 

Hemming  I.  Virgin  and  C.  Stacy  French 

The  aim  of  the  present  investigation 
was  to  find  out  if  the  very  early  forms  of 


newly  formed  chlorophylls  in  dark-grown 
plants  that  undergo  rapid  changes  in  ab- 
sorption upon  irradiation  could  be  a  mix- 
ture of  the  same  four  major  forms  of 
chlorophyll  found  in  chloroplast  particles 
prepared  from  normally  grown  algae  and 
higher  plants.  These  forms  have  their 
main  absorption  bands  at  661.6  nm  (Ca 
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Pigment  transformations  in   darkgrown, 
irradiated  leaves  of  barley 


p636 


Precursors 


Slow, 

after  irradiation 


Light 
(Low  yield) 


Darkness 


(Shibata  shift) 


C672, 


C684 


-*-  C672. 


*0.5=<lmsec  t0.5=~0.5sec        t0.5  =  l2-l5min 


(High  yield) 


Fig.  62.  Scheme  of  the  pigment  transitions  taking  place  after  irradiation  of  dark-grown  leaves 
of  barley.   Solid  arrows,  main  pathways;  broken  arrows,  side  pathways. 
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Fig.  63.  Absorption  spectra  of  dark-grown  leaves  of  barley  irradiated  with  increasing  intensities 
of  light  (electronic  flash  at  different  distances  from  the  sample).  The  leaves  were  kept  in  dark- 
ness for  30  sec  at  room  temperature  after  the  irradiation  in  order  for  the  short-time  change 
(C672  -»  C684  in  scheme  shown)  to  be  completed.  The  leaves  were  then  cooled  to  — 196°C  for 
measurement  of  the  absorption  spectra.  Every  curve  represents  a  new  sample;  no  adjustments  of 
curve  heights  have  been  made.  The  shift  of  the  peak  of  the  newly  formed  chlorophyll  a  from 
672  nm  (low  percentage  of  transformation)  to  longer  wavelengths  as  the  light  intensity  is  in- 
creased is  clearly  seen.  The  persistence  of  the  pigment  with  its  peak  at  672  nm  during  the  gradual 
increase  of  the  pigment  form  C684  is  clear  from  the  hump  on  the  short-wavelength  side  of  the 
curves  for  intermediate  and  higher  intensities. 
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662),  669.6  nm  (Ca  670),  677.1  nm  (Co 
677),  and  683.7  nm  (Ca  684)  (French, 
Brown,  and  Lawrence,  Year  Book  70,  p. 
487,  and  1972). 

Shibata  {Year  Book  55,  p.  248,  1956, 
and  1957),  studying  irradiated  dark- 
grown  bean  leaves,  found  that  there  was 
a  rapid  shift  of  the  absorption  maximum 
of  chlorophyll  a  immediately  after  its 
phototransformation  from  protochloro- 
phyll.  This  shift  has  since  been  exten- 
sively studied  from  various  aspects,  and 
in  addition  to  the  changes  reported  by 
Shibata  other  more  rapid  changes  have 
been  shown  to  take  place  within  the  first 
few  seconds  after  the  start  of  the  irradia- 
tion (Boardman  et  al.,  1971;  Gassman 
et  al.,  1968;  Sironval  et  al.,  1968;  Sironval 
and  Brouers,  1970) .  The  general  scheme 
of  the  shifts  can  be  pictured  as  in  Fig.  62, 
where  the  numbers  denote  the  value  for 
the  wavelength  of  the  absorption  maxi- 
mum at  room  temperature  in  the  red 
region  of  the  spectrum. 

In  this  scheme  C672j  (Chi  684/676  of 
Litvin  and  Belyaeva,  1971)  is  formed 
by  light  from  P650,  and  it  is  then  trans- 
formed to  C684  and  subsequently  to 
C672m  in  the  dark.  The  pigment  C672„ 
(Chi  675/670  of  Litvin  and  Belyaeva, 
1971)  can  only  be  seen  after  a  very  brief 
flash.  It  is  formed  more  rapidly  than 
C672J,  presumably  because  its  precursor 
is  more  light  sensitive  and  it  does  not  go 
through  any  shift  but  stays  constant  in 
darkness.  In  the  present  experiments 
with  barley  leaves,  no  change  in  C672n 
was  found  to  take  place  during  a  dark 
period  of  0.5  seconds  to  13  minutes  after 
the  irradiation.  From  studies  of  proto- 
chlorophyll-chlorophyll  a  transforma- 
tions at  different  light  intensities  (elec- 
tronic flash  at  varying  distances)  giving 
different  degrees  of  transformation,  (Fig. 
63),  one  can  see  C672n  as  a  hump  on  the 
short-wave  side  of  the  absorption  peak  of 
the  form  C684  which  disappears  as  the 


peak  finally  reaches  its  end  value.  From 
this  it  is  evident  that  C672n  retains  its 
identity  even  in  the  presence  of  the  other 
forms  that  do  change.  The  amount  of 
this  form  in  irradiated  barley  is  low  in 
relation  to  the  forms  passing  through 
the  Shibata  shift.  According  to  Litvin 
and  Belyaeva  (1971)  it  is  an  esterified 
pigment,  at  least  in  bean  leaves,  and  is 
possibly  identical  with  one  of  the  termi- 
nal chlorophyll  a  forms  occurring  in  fully 
green  leaves.  Whether  or  not  it  is  iden- 
tical to  the  final  form  after  the  Shibata 
shift  has  not  been  established.  It  has  not 
been  accounted  for  in  the  curve  analyses 
below.  The  fact  that  this  compound  does 
not  change  during  the  Shibata  shift  will 
undoubtedly  account  for  some  small  frac- 
tion of  the  error  in  the  curve  resolution 
results.  Whether  it  originates  from  P636, 
P650,  or  C672x  has  not  been  established. 
The  fact  that  it  can  be  found  as  early  as 
0.5  sec  of  darkness  after  a  flash  excludes 
its  formation  from  C684. 

It  is  of  importance  to  note  that  the 
peak  values  given  for  the  different  pig- 
ment forms  differ  to  a  small  extent  in 
different  plants.  However,  small  differ- 
ences due  to  temperature  and  wavelength 
calibrations  cannot  be  excluded.  From 
our  measurements  (at  — 196 °C)  C684  in 
the  above  scheme  varied  between  682  and 
684  nm.  This  could  be  due  to  different 
proportions  of  the  different  components. 
C672i  varied  between  672  and  676  nm 
(due  to  small  differences  in  time  between 
irradiation  and  cooling) .  At  present  we 
are  not  inclined  to  attribute  these  differ- 
ences to  new  pigment  forms. 

In  the  above  scheme  P650  denotes  the 
protochlorophyllide  in  nonirradiated 
plants  which  by  irradiation  is  trans- 
formed into  a  chlorophyllide  a  form 
C672j — at  least  the  main  part  of  it  (some 
might  form  C672n).  At  room  tempera- 
ture C672j  has  a  lifetime  of  about  20-60 
sec  (Gassman  et  al.,  1968;  Bonner,  1969). 
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Fig.  64.  The  slow  spectral  changes  (Shibata  shift)  in  the  dark  at  room  temperature  following  a 
flash  illumination  of  etiolated  barley  leaves.  All  the  curves  were  made  with  the  same  sample.  The 
dotted  curve  shows  the  protochlorophyll  before  the  flash.  Not  shown  are  the  rapid  changes  from 
a  short-  to  a  long-wavelength  peak  in  the  first  few  seconds.  The  presence  of  an  isosbestic  point  at 
676  nm  has  usually  been  taken  to  show  a  simple  conversion  of  a  single  chlorophyll  a  form  into  a 
second  single  form. 


It  is  then  rapidly  transformed  into  a 
chlorophyllide  a  form  C684  (the  first 
form  found  by  Shibata)  which  in  dark- 
ness gradually  changes  to  a  form  with  an 
absorption  peak  at  672  nm  (C672m) , 
which  is  stable  for  several  hours  in  dark- 
ness. A  further  shift  to  a  peak  wave- 
length of  about  676  nm  (the  in  vivo  value 
for  the  chlorophyll  in  normal  leaves) 
seemingly  takes  place  only  in  prolonged 
continuous  irradiation  (Meister,  1967; 
Butler,  1961;  and  Goedheer,  1961).  Re- 
peated irradiation  can  shift  the  peak  to- 
wards longer  wavelengths,  but  this  shift 
is  due  to  the  formation  of  new  C684. 

Procedure.    Barley  was  grown   for  6 
days   in   darkness    at   25  °C   in   Perlite 


soaked  with  Knops  nutrient  solution. 
Pieces  of  leaves  3  centimeters  long  were 
cut  3  centimeters  from  the  tip  and  placed 
in  one  of  two  openings  in  a  metal  holder 
fitting  the  spectrophotometer  described  in 
Year  Book  66,  p.  175.  The  half-band- 
width was  kept  at  1  nm.  In  the  other 
opening  enough  light-diffusing  paper  was 
placed  to  give  about  the  same  transmis- 
sion as  that  of  the  leaf  sample.  In  addi- 
tion a  piece  of  diffusing  opal  plastic  was 
placed  behind  the  two  openings.  In  this 
way  scattering  errors  were  reduced  to  a 
minimum  according  to  the  principle  of 
Shibata  (Shibata  et  al.,  1954).  All  dark 
treatments  of  the  leaves  were  performed 
in  weak,  green,  safe  light  (about  550  nm) . 
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For  irradiation  a  photographic  electronic 
flash  lamp  was  used  (Honeywell  Futu- 
ramic  II,  Strobonar).  After  irradiation 
the  holder  with  the  leaves  was  kept  for 
varying  periods  of  time  in  darkness  at 
room  temperature  and  repeatedly  meas- 
ured (Shibata  shift  at  room  tempera- 
ture), or  it  was  cooled  to  liquid  nitrogen 
temperature  ( — 196°C),  at  which  it  was 
kept  during  the  measurement  of  the  ab- 
sorption spectrum.  Thus  a  series  of 
curves  was  obtained  showing  spectra  for 
the  different  forms  of  chlorophylls  dur- 
ing the  first  seconds  to  the  first  hour  after 
irradiation.  It  was  assumed  that  the  very 
low  concentration  of  pigments  in  this 
greening  material  caused  no  serious  sieve 
effect,  as  occurs  in  fully  green  leaves 
measured  in  vivo. 

Data.  We  have  repeated  the  experi- 
ments of  Shibata  on  etiolated  barley 
leaves  with  precautions  adequate  to  give 
a  nearly  flat  baseline.  The  spectral  shifts 
obtained  at  room  temperature  on  the 
same  sample  are  seen  in  Fig.  64.  They 
are  in  principle  like  those  obtained  by 
Shibata  but  are  presented  here  for  com- 
parison with  the  low-temperature  spec- 
tra. The  isosbestic  point  around  676  nm 
is  sharp  and  clearly  visible.  There  are 
also  indications  of  isosbestic  points  at 
around  642  nm,  at  620  nm,  and  near  600 
nm.  They  are,  however,  not  as  sharp  as 
the  point  at  676  nm.  One  would  expect 
an  isosbestic  point  in  the  642-nm  region 
due  to  a  continuous  transformation  of 
P636  into  P650  in  darkness  after  a  light 
flash,  also  clearly  seen  in  Fig.  64.  The 
shift  is  believed  to  be  the  formation  of  a 
holochrome  (P650)  from  a  more  or  less 
free  chromophore  (P636)  (Sundqvist, 
1970;  Granick  and  Gassman,  1970).  In 
addition  to  this  shift,  new  P650  is  accum- 
ulated, which  is  not  derived  from  P636. 
This  is  the  normal  protochlorophyllide 
accumulation  in  darkness  of  recently 
irradiated  etiolated  leaves.    This  proto- 


chlorophyll  accumulation  will  cause  a 
continuous  shift  of  the  isosbestic  "point." 
Whether  the  crossings  of  the  curves  at 
around  600,  620,  and  642  nm  are  true 
isosbestic  points  is  hard  to  decide  from  the 
experimental  curves.  Since  the  different 
chlorophyll  forms  also  have  smaller  side 
bands  in  this  region,  the  shift  of  the 
peaks  C684  and  C672in  around  an  isos- 
bestic point  should  be  accompanied  by  a 


600  650  700 

Wavelen^th.nm 

Fig.  65.  Low-temperature  spectra  of  etiolated 
leaves  cooled  at  various  intervals  of  minutes 
after  a  flash  illumination.  This  is  the  low-tem- 
perature analogue  of  Fig.  64,  except  that  sepa- 
rate samples  had  to  be  used  for  each  curve  and 
all  curves  were  adjusted  to  the  same  peak 
height.  In  addition  to  the  changes  of  chloro- 
phyll a,  the  630-nm  protochlorophyll  slowly 
converts  to  P650  in  the  dark  while  the  chloro- 
phyll a  changes  are  taking  place. 
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Fig.  66.  Low-temperature  (— 196°C)  spectra 
of  etiolated  leaves  cooled  within  seconds  after 
a  flash  illumination  to  show  the  rapid  shift  of 
the  chlorophyll  a  peak  from  about  672  to  684 
nm.  All  curves  were  adjusted  to  the  same  peak 
height. 


similar  shift  in  the  positions  of  the 
broader  side-band  peaks. 

Figures  65  and  66  show  a  series  of  ab- 
sorption spectra  measured  at  liquid  nitro- 
gen temperature  after  different  times  in 
the  dark  before  cooling.  Since  measure- 
ments were  made  with  different  samples, 
the  curves  are  all  readjusted  to  give  the 
same  height  at  the  main  absorption 
peaks.  Figure  65  shows  the  low-tempera- 
ture curves  during  the  Shibata  shift, 
while  Fig.  66  shows  the  spectra  during 
the  initial  rapid  C672  -»  C684  shift. 

If  the  slow  C684  -»  C672„  shift  is  sim- 
ply a  decrease  of  one  form  of  chlorophyll 
accompanied  by  an  increase  in  the  pro- 
portion of  another,  then  curves  taken  be- 
fore and  after  the  shift  should  match  any 
intermediate  spectrum  when  they  are 
added  together  in  the  appropriate  pro- 
portions. That  this  is  indeed  true  is 
illustrated  in  Fig.  67. 

Curve  analyses.  For  the  curve  analyses 
of  the  different  absorption  spectra  the 
RESOLV  program  was  used  as  previously 
described  (Year  Book  67,  p.  538  and  Year 
Book  69,  p.  662).   In  the  wavelength  re- 
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Fig.  67.  Low-temperature  spectrum  (points) 
of  leaves  measured  16  minutes  after  a  flash 
illumination.  This  spectrum  pictures  the  half- 
way point  between  C684  and  C672m  in  the 
above  scheme  of  pigment  transitions.  Plotted 
below  it  are  two  curves  taken  at  15  and  at  70 
min  and  adjusted  to  the  proportions,  giving  an 
optimum  fit  to  the  points.  Their  sum  is  also 
shown.  As  there  is  always  a  remainder  of  non- 
transformed  protochlorophyll  present  after 
illumination,  its  spectrum  has  been  subtracted. 
A  perfect  fit  within  the  region  from  660  nm  to 
lower  wavelengths  cannot  be  expected,  as  the 
protochlorophyll  spectrum  is  composed  of  two 
components  (P636  and  P650)  which  may  vary 
independently  of  each  other  during  this  time 
interval. 


gion  from  about  660  nm  to  longer  wave- 
lengths the  absorption  is  mainly  due  to 
the  presence  of  the  usual  forms  of  chloro- 
phyll a.  In  the  region  below  660  nm  the 
situation  is  more  complicated.  From  600 
to  660  nm  there  are  at  least  two  compo- 
nents, which  may  vary  independently  of 
each  other.  On  one  hand,  there  is  the 
above  mentioned  form  of  protochloro- 
phyll (P636),  which  is  not  immediately 
transformable  during  a  short  irradiation 
period.  The  height  of  this  peak  may  vary 
with  cultivation  conditions  and  age.  On 
the  other  hand,  we  have  to  take  account 
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of  the  absorption  of  protochlorophyllide 
P650,  which  is  transformed  into  chloro- 
phyllide  a  during  irradiation.  Since  this 
transformation  is  never  total  and  since 
some  of  P636  is  transformed  to  P650  in 
darkness,  there  may  be  a  small  remainder 
of  this  pigment  even  after  a  longer  period 
of  irradiation.  In  addition  to  the  re- 
maining protochlorophyll  forms,  there  are 
the  broad,  short-wavelength  side  bands 
of  the  chlorophyll  a  forms  obtained  after 
irradiation  that  also  contribute  to  absorp- 
tion in  the  600  to  660  nm  region.  There- 
fore, curve  analyses  in  this  region  may 
not  give  a  true  picture  of  the  absorption 
by  various  pigments  without  an  un- 
manageable number  of  component  curves. 

There  are  at  least  two  different  con- 
cepts about  the  chlorophyll  forms  in  re- 
cently illuminated  dark-grown  leaves. 
One  of  these  is  that  varying  proportions 
of  the  four  major  chlorophyll  forms  pres- 
ent in  a  fully  green  plant  can  adequately 
describe  the  complex  series  of  spectral 
shifts.  However,  the  existence  of  a  sharp 
isosbestic  point  in  the  spectra  taken  dur- 
ing the  first  hour  after  exposure  (Fig.  64) 
suggests  that  only  two  components  are 
involved  in  the  Shibata  shift,  one  dis- 
appearing while  the  other  appears  as 
illustrated  also  by  Fig.  67. 

To  compare  these  ideas  we  have  there- 
fore matched  some  representative  spectra 
both  with  four  and  with  two  major  com- 
ponents to  see  if  the  simpler  two  com- 
ponent picture  is  adequate.  The  results 
in  Fig.  67  show  that  an  adequate  fit  to  the 
data  can  be  achieved  by  two  major  bands 
in  the  main  peak.  The  peaks  for  these 
major  bands  do  not,  however,  stay  com- 
pletely constant,  as  is  the  case  when  four 
components  are  used.  Furthermore,  the 
widths  of  the  670-  and  683-nm  bands  are 
great  enough  to  suggest  that  they  may 


each  be  composed  of  two  narrower  over- 
lapping bands.  If  that  is  the  case,  then 
during  the  Shibata  shift  the  proportions 
of  the  two  parts  of  each  of  the  major 
bands  must  remain  constant  in  order  to 
give  a  sharp  isosbestic  point.  In  Fig.  68 
it  can  be  seen  that  the  sum  of  two  or  of 
four  Gaussian  components  can  satisfy 
the  absorption  spectrum  within  the  red 
region  of  the  chlorophylls  formed  after 
irradiation.  It  can  also  be  seen  that  the 
peaks  for  the  four  component  analyses 
are  the  same  as  those  earlier  found  for  the 
peak  wavelengths  of  the  components  of 
the  spectra  of  chloroplast  particles  from 
normal  green  plants  and  algae. 

The  difference  between  mature,  green 
higher  plants  or  algae  and  plants  in  the 
process  of  greening  is  found  in  the  rela- 
tive amounts  of  the  single  components. 
In  material  such  as  shown  in  Fig.  66 
which  has  been  in  darkness  the  shortest 
time  after  a  short  flash  irradiation  (with 
the  chlorophyll  form  C672i,  according  to 
the  scheme  above) ,  curve  analyses  (not 
shown)  have  revealed  that  the  component 
Ca  677  dominates,  while  the  form  Ca  683 
has  become  dominant  from  3  to  60  sec. 
During  longer  times  in  darkness  the  dom- 
inance of  the  two  shorter-wavelength 
forms  (Ca  670  and  Ca  662)  becomes 
gradually  more  and  more  obvious.  At  the 
end  of  the  transitions  when  C672ni  in  the 
above  scheme  has  been  formed  Ca  670 
dominates  over  the  other  forms. 

As  mentioned  above,  the  kinetics  of  the 
transitions  C684  -»  C672m  show  the 
existence  of  an  isosbestic  point  near  676 
nm.  If  only  two  pigments  (or  two  pairs 
of  pigments  in  constant  proportions)  are 
involved  in  this  shift,  this  should  also  be 
apparent  in  the  curve  resolution  even 
when  four  components  are  used.  This  is 
indeed  the  case.   Not  only  do  we  have  a 


Fig.  68.  A  comparison  of  two-component  and  four-component  Gaussian  curve  analyses  of  the 
main  chlorophyll  a  band  in  the  low-temperature  spectra  of  etiolated  leaves  following  a  light  flash. 
Curves  were  measured  at  the  start,  in  the  middle,  and  after  the  Shibata  shift.  The  characteristics 
of  the  main  bands  are  given  in  Table  35,  and  their  sums  are  shown  as  the  curves  through  the 
points  which  are  the  data.  The  short-wavelength  bands  varied  slightly  from  one  curve  to  another, 
but  their  peak  wavelengths  and  widths  averaged  as  follows:  578.0,  65.1 ;  616.7,  10.9;  626.6,  41.2;  631.1, 
17.5;  650.6,  11.5;  652.0,  28.2  nm.  Two  major  components  give  an  adequate  fit  to  the  spectra,  but 
both  the  670-  and  683-nm  bands  are  sufficiently  wide  to  each  be  composed  of  two  components. 
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component  with  a  peak  around  the  isos- 
bestic  point  (Ca  677),  but  it  can  also  be 
shown  that  this  component,  calculated  as 
a  percentage  of  all  components  together, 
stays  more  or  less  constant  during  the 
shift,  while  the  others  change  (Table  35). 
Furthermore,  the  sum  of  the  percentage 
increases  of  the  components  Ca  662  and 
Ca  670  is  approximately  the  same  as  the 
percentage  decrease  of  the  component  Ca 
684.  These  results  suggest  that  even  at 
the  very  early  stages  of  the  process  of 
greening,  chlorophyll-protein  complexes 
are  formed  which  will  also  be  retained  in 
the  mature  chloroplast  although  their 
relative  proportions  may  vary.  The  ex- 
perimental results  indicate  an  inter- 
changeability  between  at  least  some  of 
the  components.  The  time  course  for  the 
Shibata  shift  is  sigmoidal,  as  can  be  seen 
by  plotting  the  areas  of  the  Ca  670  and 
Ca  684  components  in  the  lower  part  of 
Table  35.  This  suggests  that  the  shift  is 
dependent  on  the  protein  transformation 
initiated  by  the  light  flash. 

Discussion.  Not  very  much  is  known 
about  the  mechanism  behind  the  transi- 
tions between  the  different  chlorophyll 
complexes.  From  electron  micrographs  of 
etioplasts,  taken  before  and  after  an  ir- 
radiation, it  is  obvious  that  drastic 
changes  in  the  morphology  of  the  etio- 
plasts are  taking  place  (Klein  and  Schiff, 
1972).  Upon  irradiation  the  prolamellar 
body  is  broken  up  into  vesicles,  a  process 
that  seems  to  be  coupled  with  the  proto- 
chlorophyllide-chlorophyllide  a  transfor- 
mation (Virgin  et  al.,  1963).  As  to  fur- 
ther changes  in  darkness  after  an  irradi- 
ation, it  appears  that  the  newly  formed 
chlorophyllide  molecules  rapidly  leave 
their  sites  on  the  protein  moiety  that 
forms  the  holochrome  unit  before  irradia- 
tion and  are  replaced  by  new  protochloro- 
phyllide  molecules  (Granick  and  Gass- 
man,  1970;  Sundqvist,  1970).  The  pro- 
tein moiety  would  thus  serve  as  an  enzyme 
catalyzing  this  transport;  hence  the  sig- 
moid time  course.  The  newly  formed 
chlorophyllide  a  will  become  attached  to 


new  protein  generated  after  the  light  expo- 
sure. It  is  conceivable  that  these  complexes 
will  gradually  undergo  changes  reflected 
in  absorption  changes  in  vivo.  Extensive 
studies  on  holochrome  preparations 
(Schultz  and  Sauer,  1972)  indicate  that 
except  for  the  very  first  rapid  shift  (C672 
->  C684)  the  Shibata  shift  cannot  be  due 
to  a  change  in  aggregation  state  of  the 
chlorophyllide  molecules,  as  these  mole- 
cules seem  to  be  monomeric  during  most 
of  the  dark  shift.  The  most  plausible 
explanation  for  the  shifts  is  therefore  to 
be  looked  for  in  changes  of  the  protein 
part.  This  would  agree  with  the  observa- 
tion that  the  different  forms  of  chloro- 
phyll, resolved  by  curve  analysis,  seem 
to  be  universally  found  in  the  plant  king- 
dom, as  differential  centrifugation  of  dis- 
integrated chloroplasts  gives  a  separation 
into  fractions  still  containing  the  same 
components  but  in  different  relative 
amounts  (Year  Book  70,  p.  495,  1971). 

Grant  GB  8630  from  the  National  Sci- 
ence Foundation  helped  to  pay  the  cost 
of  the  computer  use  for  this  work. 
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Forms  of  Chlorophyll  a 
in  a  Diatom 

C.  S.  French  and  J.  S.  Brown 

Four  major  forms  of  chlorophyll  a  with 
wavelength  peaks  at  662,  670,  677,  and 
684  nm  are  generally  thought  to  be  widely 
distributed  in  green  plants.  The  great 
variations  in  the  shapes  of  the  red  ab- 
sorption band  of  chloroplast  preparations 
in  different  plants  are  believed  to  be  due 
to  variations  in  the  proportions  of  these 
kinds  of  chlorophyll  a. 

There  are  some  chloroplast  spectra  that 
appear  to  be  simple  enough  to  be  ex- 
plained by  the  presence  of  fewer  than 
four  forms  of  chlorophyll.  Examples  of 
spectra  interpretable  equally  well  by  two 
or  by  four  components  in  the  red  band 
of  the  freshly  formed  chlorophyll  in  bar- 
ley leaves  are  given  elsewhere  in  this 
Year  Book  by  Virgin  and  French.  Here 
we  describe  the  absorption  spectra  of  two 
fractions  of  Phaeodactylum,  a  diatom 
containing  chlorophyll  c  as  well  as  chloro- 
phyll a  but  no  chlorophyll  b. 

Phaeodactylum  tricornutum  was  grown 
in  artificial  seawater,  aerated  with  3% 
CO2  in  air,  and  illuminated  with  2  cool- 
white  and  2  daylight  40-W  fluorescent 
lamps  for  5  days.  The  cells  were  har- 
vested, resuspended  in  0.15  M  KC1,  0.05 
M  Tricine,  pH  7.5,  broken  with  the 
needle-valve  press,  and  fractionated  by 


differential  centrifugation  as  described 
on  p.  201. 

The  ratios  of  chlorophylls  a  to  c  were: 
homogenate,  2.33;  fraction  2,  2.03;  and 
fraction  1,  3.17.  The  findings  that  there 
was  an  enrichment  of  chl  c  in  fraction  2 
and  relatively  more  absorption  at  long 
wavelengths  in  fraction  1  (Fig.  69)  indi- 
cate a  successful  fractionation. 

Since  the  spectrum  of  chlorophyll  c  has 
its  maximum  absorbance  at  635  nm,  it 
does  not  overlap  the  main  band  of  chloro- 
phyll a,  and  therefore  this  organism  is 
particularly  valuable  for  studies  of  the 
shape  of  the  chlorophyll  a  spectrum.  We 
report  here  curve  analyses  of  two  Phaeo- 
dactylum chloroplast  fractions,  using  two, 
three,  or  four  components  for  the  major 
chlorophyll  a  band.  Both  fractions  also 
require  a  minor  long-wavelength  com- 
ponent. 

The  purpose  is  to  see  if  adequate  fits 
can  be  achieved  by  fewer  than  the  four 
major  bands  in  addition  to  the  small 
long-wavelength  bands  in  the  tails.  The 
results  are  shown  in  Fig.  69  and  Table 
36,  where  it  is  evident  that  systematic 
deviations  indicating  errors  of  matching 
show  in  the  two-  and  three-component 
analyses,  but  in  the  four-band  analyses 
the  errors  in  the  650-720  region  are 
random  and  the  standard  deviations  are 
smaller. 

In  general,  the  logic  for  the  use  of 
four  major  bands  to  fit  spectra  with  less 
than  four  distinct  peaks  or  shoulders 
rests  on  the  fact  that  these  bands  are 
always  found  at  the  same  wavelength 
within  about  one  nm,  whereas  this  con- 
stancy of  wavelength  peak  is  not  true  of 
most  attempts  to  analyze  chlorophyll 
spectra  with  only  the  two  components 
Ca  670  and  Ca  680.  The  present  com- 
parative curve  analyses  support  in  two 
respects  the  four-component  concept  in 
a  plant  different  in  its  pigment  system 
from  tho£  3  previously  analyzed.  In  the 
first  place,  the  band  wavelengths  agree 
with  those  found  for  other  plants  {Year 
Book  70,  p.  487).    Furthermore,  the  im- 
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Wavelength, nm 
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Fig.  69.  Low-temperature  absorption  spectra  of  two  fractions  of  Phaeodactylum  fitted  with  2, 
3,  and  4  major  components  in  the  red  part  of  the  spectrum.  The  error  of  fit  is  lowest  with  four 
components. 
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provement  in  the  standard  error  of  fit 
seen  in  Fig.  69  is  evidence  for  the  choice 
of  four  bands. 


The  Activity  of  Fractionated 
Chloroplast  Particles 

J.  S.  Brown 

The  search  for  highly  photoreactive 
chloroplast  particles  from  different  plants 
continues.  As  stated  last  year,  we  hope 
to  make  far  more  precise  comparisons  of 
the  light  absorbed  with  the  photochemical 
activity  of  the  different  forms  of  chloro- 
phyll in  chloroplast  fractions  than  is  now 
possible.  To  do  so  requires  improved 
action  spectra  which  are  a  measure  of 
activity  at  various  wavelengths.  The 
higher  the  activity  of  the  material,  the 
narrower  the  bandwidth  of  light  that  can 
be  used.  Absorption  spectra  with  which 
we  shall  be  comparing  action  spectra  are 
normally  measured  with  a  one-nanometer 
half-bandwidth  of  light,  while  action 
spectra  require  a  greater  bandwidth.  The 
narrower  the  slit  width  that  can  be  used 
for  action  spectra,  the  better  will  be  the 
resolution  of  overlapping  bands.  Im- 
proved instrumentation  is  being  devel- 
oped for  measuring  action  spectra,  but 
equally  important  is  the  appropriate 
selection  of  plant  material,  refinement  of 
fractionation  procedures,  and  choice  of 
reaction  conditions.  Here  I  shall  describe 
recent  studies  on  the  photochemistry  and 
chlorophyll  absorption  of  fractionated 
chloroplast  particles  from  spinach  and 
from  several  algae. 

The  procedures  for  measuring  the  light- 
saturated  reaction  rates  of  DCIP  reduc- 
tion and  of  cytochrome  c  oxidation  were 
described  in  Year  Book  70,  p.  499.  The 
fractionation  procedure  has  been  modified 
after  that  of  Sane  et  al,  1970.  Instead  of 
separating  the  fractions  in  a  sucrose 
gradient,  the  following  differential  cen- 
trifugation  procedure  is  used.  After 
passage  through  the  needle-valve  of  the 
French  pressure  cell  and  centrifuging  at 
3000  g  for  10  min  to  remove  unbroken 


cells  or  chloroplasts,  the  resulting  super- 
natant homogenate  is  spun  at  10,000  g 
for  30  min.  This  sediment  (sed-10)  is 
usually  enriched  in  photosystem  2  and  is 
equivalent  to  fraction  2  collected  near  the 
bottom  of  the  sucrose  gradient  according 
to  the  Michels'  procedure  used  previously 
(Year  Book  67,  p.  508).  The  10,000  g 
supernatant  is  spun  again  at  60,000  gaY 
for  30  min  and  the  sediment  discarded. 
This  supernatant  is  spun  at  100,000  gay 
for  60  min.  All  the  green  material  is  sedi- 
mented  by  this  last  spin.  It  is  called 
sed-40,  is  usually  enriched  in  photosystem 
1,  and  is  equivalent  to  fraction  1  formerly 
collected  near  the  top  of  the  sucrose 
gradient. 

Triton  treatment.  The  previous  work 
of  Vernon  et  al.  (1967)  and  our  own  re- 
sults of  last  year  would  predict  that  after 
making  fractions  enriched  in  photosys- 
tems  1  and  2  with  the  needle-valve  press, 
a  further  enrichment  might  be  obtained 
by  treatment  of  these  fractions  with  a 
detergent  such  as  Triton  X-100.  Triton 
does  in  fact  give  a  system  2  preparation 
further  enriched  in  chlorophyll  b  but 
without  the  photochemical  activity  of 
system  2.  When  fraction  2  (sed-10)  from 
spinach  was  treated  with  Triton  (weight 
ratio  of  Triton  to  chlorophyll  =  25)  and 
centrifuged  at  100,000  gax  for  60  min,  the 
sediment  had  a  chlorophyll  a  to  6  ratio 
of  1.76  compared  to  a  ratio  of  3  for  the 
fraction  2  before  the  Triton  treatment. 

Recently,  Arntzen  et  al.  (1972)  have 
further  fractionated  press-treated  par- 
ticles with  digitonin.  They  were  able  to 
fractionate  the  grana  membranes  (frac- 
tion 2)  into  60%  photosystem  2  and  40% 
photosystem  1  particles  on  a  chlorophyll 
basis.  Digitonin  is  not  as  destructive  to 
system  2  activity  as  Triton  is  and  there- 
fore may  be  a  better  detergent  to  use  to 
obtain  system  2-enriched  particles. 

When  fraction  1  (sed-40)  was  treated 
with  Triton  (25:1)  and  recentrifuged  at 
100,000  gav  for  60  min,  the  sediment  had 
a  chl  a/b  ratio  of  6.8  compared  to  8.2  in 
the  original  fraction  1.  The  light-satur- 
ated rate  of  cytochrome  c  photooxidation 
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was  apparently  enhanced  from  51 
jumoles  •  mg"1  chl  •  hr"1  by  fraction  1  be- 
fore Triton  treatment  to  128  by  the  sedi- 
ment. But  this  increase  in  system  1 
activity  is  not  necessarily  due  to  an  en- 
richment in  fraction  1  type  of  chlorophyll 
because,  as  we  concluded  last  year,  Triton 
treatment  may  alter  chloroplast  particles 
and  make  the  reaction  centers  more  avail- 
able to  the  plastocyanin  that  is  an  essen- 
tial exogenous  intermediate  in  the  reac- 
tion between  cytochrome  c  and  P700  (see 
also  Year  Book  69,  p.  682).  We  found 
•last  year  that  after  Triton  was  added  to 
the  reaction  mixture  containing  press- 
treated  chloroplast  particles,  cytochrome 
c,  and  plastocyanin,  the  light-saturated 
photooxidation  rate  was  increased  several 
fold  initially,  but  if  the  Triton  was  al- 
lowed to  incubate  with  the  particles  for  15 
min  in  the  dark  at  20  °C  before  measuring 
the  activity,  the  rate  was  decreased.  Ap- 
parently, Triton  reacts  with  the  particles 
in  a  time-dependent  fashion.  First,  it 
alters  their  structure,  making  them  more 
photoreactive  with  plastocyanin  and 
cytochrome  c .  Then,  it  causes  further  dis- 
ruption, together  with  a  shift  in  absorp- 
tion and  loss  of  activity.  In  the  present 
experiment  centrifugation  immediately 
after  the  addition  of  Triton  prevented  the 
complete  disruption  of  that  portion  of  the 
particles  that  was  sedimented.  There- 
fore, this  sediment  was  more  photoactive 
than  fraction  1  before  Triton  treatment. 
The  absorption  spectra  of  the  sediment 
and  supernatant  obtained  from  Triton- 
treated  fraction  1  particles  are  shown  in 
Fig.  70.  The  heights  of  the  curves  have 
been  normalized  at  their  maxima.  The 
Triton-treated  particles  before  centrifu- 
gation had  a  spectrum  very  similar  to 
that  of  the  supernatant  shown  in  Fig.  70. 
The  shift  in  the  absorption  maximum 
from  679  to  671  nm  caused  by  0.08% 
Triton  was  shown  last  year.  The  present 
measurements  show  that  the  shift  was 
due  to  the  disrupted  particles,  but  that  a 
small  proportion  of  active  particles 
(about  10%  of  the  original  chlorophyll) 


still  retained  their  long-wavelength  ab- 
sorption bands  associated  with  system  1 
activity. 

The  effect  of  DPC  on  DCIP  reduction. 
Vernon  and  Shaw  (1969)  showed  that  the 
photooxidation  of  diphenylcarbohydra- 
zide  (DPC)  is  a  system  2  reaction  that 
can  be  seen  after  02  evolution  activity  is 
impaired  in  chloroplast  particles.  The 
coupling  of  this  photooxidation  to  DCIP 
reduction  provides  a  sensitive  assay  for 
system  2  activity  in  partially  damaged 
particles.  We  have  been  able  to  double 
the  rate  of  DCIP  photoreduction  by  the 
addition  of  4  X  10  "4  M  DPC  to  freshly 
prepared  fraction  2  (sed-10)  from  spin- 
ach. After  3  days  the  activity  of  the  par- 
ticles decreased  by  nearly  10-fold,  but 
could  still  be  increased  5  times  by  addi- 
tion of  DPC.  This  indicates  that  even 
the  fresh  particles  may  be  slightly  dam- 
aged. 

With  particles  prepared  from  Chlamy- 
domonas  reinhardtii,  the  addition  of  DPC 
had  little  or  no  effect  on  DCIP  reduction 
even  after  the  particles  were  stored  for 
one  day.  The  activity  of  particles  from 
Porphyridium  cruentum  was  increased 
from  about  20  to  30  /mioles  •  mg"1  chl  • 
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Fig.  70.  Absorption  spectra  of  a  supernatant 
and  a  sediment  obtained  by  treating  fraction  1 
particles  from  spinach  with  0.27%  Triton  X-100 
and  centrifuging  at  100,000  g*v  for  1  hr.  The 
sediment  was  resuspended  in  0.05  M  Tricine, 
pH  7.5.  The  curves  were  normalized  at  their 
peaks. 
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hr"1  by  the  addition  of  DPC  on  the  second 
day  after  pieparation.  With  particles 
from  Phaeodactylum  tricornutum,  DPC 
doubled  the  rate  of  DCIP  reduction  from 
3  to  6  /xmoles  •  mg"1  chl  •  hr,  but  this  rate 
is  too  low  to  be  very  significant  or  to 
measure  with  low  light  intensity.  Sticho- 
coccus  bacillaris  is  another  alga  that 
yields  particles  with  very  low  activity 
even  after  the  addition  of  DPC.  Thus,  in 
summary,  of  the  algae  tested,  only  with 
Porphyridium  particles  was  the  system  2 
activity  raised  significantly  by  DPC 
addition. 

Fractions  from  Synchronously  Grown 
Chlamydomonas 

The  activity  of  particles  made  by 
fractioning  algae  may  be  correlated 
with  the  metabolic  condition  of  the 
living  cells  used  to  obtain  these 
fractions.  It  is  not  known  whether  the 
photochemical  activity  of  each  of  the 
two  photosystems  parallels  the  photo- 
synthetic  activity  of  the  intact  algae. 
Hagar  (1971)  has  some  evidence  with 
Chlorella  grown  synchronously  in  alter- 
nating light  and  dark  periods  that  the 
synthesis  of  the  two  photosystems  and  of 
the  forms  of  chlorophyll  in  each  system 
are  not  parallel  but  follow  one  after  the 
other.  Senger  (1970)  has  observed  with 
Scenedesmus  that  photosystem  2  activ- 
ity was  highest  after  about  8  hr  of  light 
and  decreased  to  a  low  value  during  the 
middle  of  the  dark  period  when  the  cells 
were  dividing.  The  activity  of  photosystem 
1,  however,  remained  the  same  through- 
out the  life  cycle.  Wang  (1969)  also 
found  small  but  significant  imbalances 
between  the  amount  of  chlorophyll  and 
the  fluorescence  during  the  period  of  syn- 
thesis in  Chlorella.  Assuming  that  the 
fluorescence  is  proportional  to  the  num- 
ber of  photoreactive  centers  or  traps  in 
system  2,  this  imbalance  may  account 
for  the  changes  in  quantum  yield  ob- 
served in  cells  during  their  life  cycle. 

All  of  these  data  suggest  that  syn- 
chronously growing  algae  harvested  near 


the  middle  of  the  light  period  (6  to  8  hrs) 
may  yield  a  more  active  system  2  particle 
than  those  harvested  at  some  other  period 
or  grown  in  continuous  light.  This  hy- 
pothesis is  being  tested  with  Chlamy- 
domonas reinhardtii,  (culture  collection 
at  Indiana  University,  No.  90)  but  so  far 
the  results  are  inconclusive.  However, 
considerable  data  have  been  accumulated 
for  these  algae  in  synchronous  culture. 

Synchronous  culture  procedure.  Two 
liters  of  Beijerinck's  mineral  medium 
buffered  with  phosphate  at  pH  6.8 
(Sueoka,  1960)  and  with  added  trace  ele- 
ments (Hutner,  1950)  and  a  Teflon- 
coated  magnetic  stirring  bar  were  steril- 
ized in  a  3-liter  round-bottom  flask. 
After  inoculation  with  about  20  ml 
of  a  dense  culture  grown  in  continuous 
light,  the  flask  was  placed  in  a  water  bath 
maintained  at  21  °C  and  encased  in  a  box 
containing  2  daylight  and  2  cool-white 
20-W  fluorescent  lamps  mounted  verti- 
cally in  the  corners.  The  culture  was 
stirred  continuously  by  a  magnetic  stirrer 
and  bubbled  with  3%  C02  in  air.  A 
schedule  of  14  hrs  light  and  10  hrs  dark- 
ness was  used. 

When  the  cell  count  reached  a  desired 
maximum,  a  portion  of  the  culture  was 
removed  and  replaced  with  fresh  sterile 
medium. 

Methods.  For  each  experiment  about  a 
liter  of  culture  containing  from  2  to  4 
million  cells  •  ml"1,  or  approximately  6  /xg 
chl  •  ml"1,  was  centrifuged  to  sediment 
the  cells.  These  were  resuspended  in 
about  20  ml  of  0.15  M  KC1  and  0.05  M 
Tricine,  pH  7.5,  and  forced  two  times 
through  the  needle-valve  press  at  about 
12,000  lbs  •  in"2.  The  resulting  homo- 
genate  was  then  fractionated  by  differ- 
ential centrifugation  as  described  above. 

Because  of  the  length  of  each  experi- 
ment, it  was  desirable  to  begin  early  in 
the  working  day.  Therefore,  the  time 
clock  on  the  culture  was  changed  every  3 
or  4  days  to  vary  the  stage  in  the  life 
cycle  at  which  harvesting  was  carried  out. 
These  adjustments  in  the  light  cycle  may 
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have  been  too  frequent  for  the  cells  to 
adapt  completely  and  may  account  for 
some  of  the  variability  in  the  results. 
Over  a  5-month  period  23  experiments 
have  been  carried  out  on  cells  at  differ- 
ent stages  in  their  life  cycle. 

Results.  The  following  parameters 
were  measured  in  each  experiment:  per- 
centage of  cells  in  the  division  process; 
total  chlorophyll  per  cell;  ratio  of  chloro- 
phyll a  to  b;  percentage  of  chlorophyll 
recovered  in  each  of  the  system  1  and  2 
fractions;  light-saturated  rates  (ex- 
pressed on  chlorophyll  basis)  of  DCIP  re- 
duction; and  cytochrome  c  oxidation  by 
the  homogenate  and  by  fractions  1  and  2. 

From  60  to  95  percent  of  the  cells  had 
divided  but  were  still  attached  in  twos 
or  fours  during  the  period  from  5  to  9  hrs 
in  darkness,  indicating  some  but  not  very 
sharp  synchronization.  Usually  no  divid- 
ing cells  were  seen  during  the  light  period. 
The  chlorophyll  per  cell  varied  from 
about  3.5  •  10"12  g  at  the  end  of  the  light 
period  before  division  to  1.2  •  10"12  g  in 
divided  but  not  yet  separated  daughter 
cells.  The  average  values  were  2.9  •  10"12 
g  chl  •  cell"1  during  the  light  period  and . 
1.7  •  10  ~12  g  chl  •  cell"1  during  the  dark 
period.  The  chlorophyll  a  to  6  ratio  did 
not  vary  significantly  during  the  life 
cycle  and  averaged  2.70  for  26  different 
experiments,  including  3  when  the  cells 
were  grown  in  continuous  light.  About 
9%  of  the  chlorophyll  in  the  homogenate 
was  recovered  in  fraction  1  and  67%  in 
fraction  2.  These  figures  also  did  not 
vary  with  the  stage  in  the  life  cycle. 

The  activities  of  the  particles  were 
highly  variable  from  one  experiment  to 
the  next.  Until  the  cause  of  this  varia- 
tion can  be  located,  no  conclusive  com- 
parison can  be  made  between  stages  in 
the  life  cycle.  The  rates  of  DCIP  photo- 
reduction  were  similar  in  the  homogenate 
and  fraction  2  in  each  experiment  but 
varied  from  11  to  70  ^moles  •  mg"1  chl  • 
hr"1  in  different  experiments.  The  average 
rate  for  particles  prepared  from  cells  har- 
vested during  the  light  phase  was  34  and 


from  cells  in  the  dark  phase,  28.  Frac- 
tion 1  had  essentially  no  system  2  activ- 
ity. The  rate  of  cytochrome  c  photo- 
oxidation  was  usually  50  to  100%  higher 
in  fraction  1  than  in  the  homogenate. 
The  rates  in  fraction  1  from  different  ex- 
periments varied  from  60  to  190  /rnioles  • 
mg"1  chl  •  hr"1.  The  average  rate  for 
particles  prepared  from  cells  in  the  light 
phase  was  127  and  from  cells  in  the  dark 
phase,  136.  Fraction  2  had  approximately 
20  to  30%  of  the  activity  for  cytochrome 
c  oxidation  that  fraction  1  had.  The 
average  values  for  both  reactions  were 
similar  to  the  rates  from  cells  harvested 
from  the  logarithmic  phase  of  growth  in 
continuous  light.  These  results  do  not  in- 
dicate any  particular  advantage  in  terms 
of  photoactivity  to  making  particles  from 
synchronously  grown  cells  rather  than 
from  rapidly  growing  cells  in  continuous 
light. 

It  has  been  suggested  that  the  light 
intensity  during  growth  may  influence  the 
activity  of  the  particles.  If  this  were  true, 
a  correlation  might  be  expected  between 
activity  and  the  chlorophyll  concentra- 
tion in  the  culture  when  harvested.  This 
concentration  varied  from  about  2  to  9 
/jig  chl  •  ml"1  in  different  experiments,  in- 
dicating considerable  differences  in  the 
average  light  intensity  received  by  each 
cell,  but  again  there  was  no  obvious  rela- 
tionship between  these  values  and  activ- 
ity of  the  fractions.  Since  all  of  these 
activity  measurements  were  done  under 
light  saturating  conditions,  the  possibility 
still  exists  that  there  are  differences  in 
the  light-limited  rate  of  each  photosys- 
tem  during  the  life  cycle. 

Schor  et  al.  (1970)  also  measured  the 
light-saturated  rate  of  DCIP  reduction 
by  homogenates  of  Chlamydomonas  at 
different  stages  in  their  life  cycle.  They 
found  that  the  rate  during  the  middle  of 
the  light  period  was  about  twice  as  great 
as  that  during  the  dark  period.  Their 
experimental  conditions  were  somewhat 
different  from  mine  and  may  account  for 
the  different  results. 
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Absorption  spectra.  The  absorption 
spectra  of  fractions  1  and  2  were  meas- 
ured at  — 196°C  for  most  of  the  experi- 
ments. The  expected  differences  between 
the  two  fractions  were  evident;  that  is, 
fraction  2  always  showed  greater  absorp- 
tion in  the  chlorophyll  b  region,  and 
fraction  1  had  relatively  more  absorption 
at  longer  wavelengths.  However,  there 
were  no  obvious  differences  between 
either  the  fraction  1  or  the  fraction  2 
spectra  that  had  been  prepared  from 
algae  in  different  phases  of  their  life 
cycle. 
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Dr.  Joseph  A.  Berry,  a  Research  Fel- 
low for  the  past  two  years,  became  a  Staff 
Member  of  the  Department  on  July  1, 
1972.  He  will  continue  studies  of  the  bio- 
chemical basis  of  adaptation.  For  three 
months  in  the  autumn  of  1971  he  visited 
the  Department  of  Terrestrial  Magnet- 
ism to  learn  the  techniques  of  isolating 
and  characterizing  DNA,  with  the  aim  of 
applying  these  methods  to  the  DNA  of 
Atriplex  species  with  contrasting  photo- 
synthetic  systems. 

Dr.  Olle  Bjorkman  spent  10  months  in 
Canberra,  Australia.  In  collaboration 
with  several  scientists  from  the  Austral- 
ian National  University  and  the  CSIRO 
Division  of  Plant  Industry,  he  studied 
the  photosynthetic  characteristics  of 
plants  that  grow  successfully  in  very  low 
light  regimes  on  the  floor  of  a  tropical 
rainforest.  He  also  visited  the  Plant 
Physiology  Division  of  the  New  Zealand 
D.S.I.R.  in  Palmerston  North  and  the 
Physics  and  Engineering  Laboratory  in 
Lower  Hutt,  New  Zealand. 

Dr.  Hemming  Virgin,  Professor  of 
Plant  Physiology  at  the  University  of 
Goteborg  in  Sweden,  visited  the  Depart- 


ment from  January  18  to  June  10,  1972, 
to  study  the  transformations  of  freshly 
formed  chlorophyll.  Professor  Virgin  was 
previously  a  Research  Fellow  at  the  De- 
partment from  1952  to  1954. 

Drs.  Brown,  Fork,  French,  and  Hiyama 
attended  the  Conference  on  the  Primary 
Photochemistry  of  Photosynthesis  at  the 
Argonne  National  Laboratory  near  Chi- 
cago, November  17-19,  1971.  Dr.  Fork 
also  visited  photosynthesis  research  lab- 
oratories at  the  University  of  Illinois  and 
at  the  University  of  Montreal. 

The  IV  International  Seminar  on 
Photosynthesis  at  Wurmlingen  near 
Tubingen  was  attended  by  Dr.  French, 
who  also  visited  photosynthesis  labora- 
tories at  Gottingen,  Frankfurt,  Dussel- 
dorf,  Utrecht,  and  Leiden  for  extended 
discussions  on  the  forms  of  chlorophyll  in 
plants  and  related  problems.  He  partici- 
pated in  a  repeat  of  the  National  Acad- 
emy of  Sciences  Symposium  on  Photosyn- 
thesis of  last  April,  which  was  held  at 
the  National  Biology  Congress  at  Miami 
Beach  in  November.  At  the  Annual 
Meeting  of  the  American  Society  of  Plant 
Physiologists  at  Asilomar,  California,  in 
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August  1971,  he  was  awarded  the  Charles 
Reid  Barnes  Life  Membership  in  the 
Society. 

During  the  year  the  facilities  of  the 
mountain  experimental  stations  at 
Mather  and  Timberline  have  been  ex- 
tended to  individual  scientific  investiga- 
tors as  well  as  to  various  universities  for 
educational  purposes.  Dr.  Theodosius 
Dobzhansky  and  Dr.  A.  Ayala  have  con- 
tinued their  evolutionary  studies  on  the 
"Fruit  Fly,"  Drosophila.  A  team  of  ecol- 
ogists  from  San  Jose  State  College,  in- 
cluding Drs.  Clifford  L.  Schmidt,  H.  Tom 
Harvey,  Richard  Hartesveldt,  Mr.  John 
Stanley,  and  graduate  students,  has 
initiated  a  multidisciplinary  study  of  the 
human  impact  on  the  Sierra  Nevada. 
They  will  utilize  the  facilities  at  both  the 
Mather  and  Timberline  stations.  Mr. 
Richard  Papp,  a  graduate  student  in  en- 
tomology from  the  University  of  Cali- 
fornia at  Berkeley,  is  studying  the  insects 
found  at  high  elevations  above  the  Tim- 
berline station.  Dr.  Schmidt  and  his  class 
in  evolution  from  San  Jose  State  College 
visited  the  Mather  and  Timberline  sta- 
tions October  22-24,  and  Dr.  John 
Thomas  and  his  class  in  systematic  bot- 
any from  Stanford  University  visited  the 
stations  on  May  19-21.  Dr.  Nobs  ac- 
companied both  field  trips  and  presented 
the  history,  basic  philosophy,  and  cur- 
rent developments  of  the  Physiological 
Ecology  group.  Professor  Harold  Mooney 
and  his  class  on  field  research  techniques 


in  plant  ecology  from  Stanford  University 
studied  ecological  problems  of  the  lower 
Sierra  at  the  Mather  Station  May  30 
through  June  3. 

Dr.  William  M.  Hiesey,  now  retired 
and  living  in  Camino,  California,  is  col- 
laborating with  Dr.  Nobs  on  the  publica- 
tion of  results  from  the  long-term  investi- 
gation of  asexual  inheritance  in  Poa,  a 
species  of  range  grass. 

Dr.  Atusi  Takamiya,  Professor  of  Biol- 
ogy, Toho  University,  Chiba,  Japan,  the 
former  head  of  the  Department  of  Bio- 
chemistry and  Biophysics  at  the  Univer- 
sity of  Tokyo,  arrived  June  4  to  continue 
his  studies  on  phototransformable  chloro- 
phyll protein  complexes  of  higher  plants. 

Dr.  Norio  Murata,  from  the  Depart- 
ment of  Biochemistry  and  Biophysics  at 
the  University  of  Tokyo,  arrived- June  22 
to  continue  a  study  initiated  here  on  the 
function  of  plastocyanin  photosynthesis. 

Dr.  William  G.  McGinnies  is  writing  a 
history  of  the  Desert  Laboratory  with 
which  he  was  long  associated  while  Pro- 
fessor of  Botany  at  the  University  of 
Arizona;  as  Chief,  Division  of  Range  Re- 
search, Southwest  Forest  and  Range  Ex- 
periment Station,  U.S.  Forest  Service; 
and  later  as  Director,  Laboratory  of 
Tree-Ring  Research  and  Coordinator  of 
the  Arid  Lands  Program  of  the  Univer- 
sity of  Arizona.  The  Department  is 
honored  to  list  Dr.  McGinnies  as  a  Re- 
search Associate  while  engaged  in  this 
endeavor. 
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INTRODUCTION 


Bernard  De  Voto  (The  Course  of  Em- 
pire, Riverside  Press,  Cambridge,  Mass., 
1962)  has  written:  "History  cannot  sup- 
pose that  because  the  intangibles  which 
alter  men's  consciousness  deposit  no  doc- 
uments in  the  archives  they  therefore  do 
not  affect  societies."  Our  report  is  an 
attempt  to  describe  tangibles,  to  appreci- 
ate intangibles,  and  to  add  to  archives. 
The  intangibles  which  are  part  and  parcel 
of  discovery  may  prove  the  more  lasting. 
Basic  scientific  discovery  and  innovation 
touches  all  persons,  even  those  whose 
minds  are  not  yet  prepared  for  the  revo- 
lution in  which  they  participate  today. 
Sometimes  appreciation  of  a  fundamental 
discovery  or  a  new  idea  transmutes 
readily  into  science's  daughter  product, 
technology,  and  often  with  such  rapidity 
that  whole  societies  are  thrown  into 
turbulence  while  struggling  to  make  the 
necessary  saltatory  adaptation  that  will 
permit  survival  in  a  new  and  alien  en- 
vironment. On  the  other  hand,  many  dis- 
coveries and  innovations  do  not  lend 
themselves  readily  to  rapid  technological 
exploitation.  Much  of  our  work  falls  in 
the  latter  category.  It  is  therefore  diffi- 
cult to  perceive,  with  certain  notable  ex- 
ceptions, just  how  our  findings  may  lead 
to  practical  technological  application  that 
is  to  appeal  to  some  arbitrary  standard  of 
"relevance."  A  notable  exception  is 
briefly  described  in  the  Geophysics  Section 
of  this  report  where  Drs.  Sacks  and  Suye- 
hiro  point  out  the  very  real  possibility  of 
earthquake  prediction  by  means  of  the 
Sacks-Evertson  borehole  strainratemeter. 
A  tripartite  array  of  these  strainmeters 
has  been  installed  in  the  Matsushiro- 
Nagano  earthquake-prone  region  of 
Japan.  While  many  more  data  need  to 
be  gathered,  it  would  appear  that  minute 
stepwise  changes  in  the  existing  local 
compressional  strain  field  occur  in  the 
absence  of  earthquakes.  Time  may  prove 
that  these  changes  can  be  correlated  with 


the  onset  of  local  earthquakes.  Since  the 
instruments  are  relatively  simple,  rugged 
and  reasonably  inexpensive,  they  lend 
themselves  to  mass  production  and  could 
be  installed  in  most  of  the  major  earth- 
quake-prone areas  of  the  world.  Sacks 
and  our  many  collaborators  in  Japan 
have  discovered  that  extraordinary  ac- 
celerations in  the  strain  field  of  the  earth 
immediately  surrounding  the  instruments 
can  be  tolerated  without  physical  dam- 
age to  the  devices  and  without  altering 
the  measuring  capacities  in  any  percepti- 
ble way.  For  example,  as  much  as  1600 
grams  of  dynamite  fired  at  an  auxiliary 
water-tamped  drill  hole  only  nine  meters 
away  from  the  strainmeter  borehole  was 
readily  tolerated.  The  results  of  a  series 
of  graded  smaller  charges  showed  that 
the  same  efficiency  of  strain  effect  holds. 
Thus,  the  volume  of  fractured  rock  is 
proportional  to  the  amount  of  explosive 
used  time  and  again  in  the  same  shot 
hole  and  the  strain  step  which  is  induced 
is  inversely  proportional  to  the  cube 
of  the  ratio  of  the  radius  of  the  frac- 
tured rock  and  the  distance  to  the  strain- 
meter.  Clearly,  the  size  of  the  volume 
"relieved"  by  artificial  explosives  can  be 
used  to  calibrate  the  amount  of  strain 
accumulation  relieved  by  natural  phe- 
nomena such  as  may  accrue  through 
microseisms  (even  made-man  ones  as 
occur  by  water  injection  into  "dry"  oil 
well  drillings  or  deep  wells  used  for 
chemical  and  radioactive  waste  disposal) 
and  earth  tide  effects  in  which  the  gravi- 
tational forces  of  the  sun  and  moon  affect 
the  earth's  solid  rock  strain  field. 

Contrasting  with  such  an  obvious  spin- 
off from  studies  designed  to  learn  more 
of  the  structure  and  dynamics  of  our  pro- 
tean planet  one  might  focus  upon  the 
central  conclusion  of  Dr.  M.  A.  Tuve's 
decade  of  search  for  the  pattern  of  ve- 
locity distributions  of  neutral  hydrogen 
atoms  in  our  Galaxy;  namely,  that  the 
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spiral  structure  of  our  Galaxy  cannot  be 
deduced  from  the  21 -cm  radioastronomi- 
cal  observations.  Tuve  and  his  colleagues 
are  now  convinced  that  no  one-to-one 
correlation  between  observed  velocity  and 
the  spatial  distribution  of  hydrogen  con- 
centrations can  be  determined.  Thus,  we 
may  be  residents  of  a  spiral  galaxy,  but 
the  belief  that  a  model  of  a  materially 
spiral  configuration  can  be  derived  from 
21-cm  observations  is  brought  into  seri- 
ous question. 

Rubin  and  Ford  reported  last  year  in 
a  study  of  the  Andromeda  Nebula  (M31) 
that  the  excited  gas  near  the  nucleus  was 
restricted  to  a  very  thin  disk  (25  parsecs 
or  - — -  8  X  1019  cm  which  is  roughly  5  X 
1014  miles,  or  about  5,000,000  times  the 
distance  between  earth  and  sun!) .  Within 
this  thin  disk,  gas,  excited  by  stars  and 
therefore  luminous,  flows  in  and  out.  At 
about  one-twelfth  the  radius  of  the 
visible  M31  the  gas  rotates  relatively 
slowly  about  the  center  (much  less  than 
200  km/sec  or  about  120  miles/sec). 
The  question  is  then  posed:  What  are  the 
rotational  velocities  of  the  stars  this  close 
(within  1600  parsecs)  to  the  nucleus? 
Dr.  Horace  Babcock  of  the  Hale  Ob- 
servatories had  as  early  as  1939  observed 
very  low  velocities  at  1600  parsecs. 
Rubin  and  Ford  have  recently  confirmed 
this  observation  and  shown  unequivocally 
that  the  stars  rotate  about  the  center  of 
the  Andromeda  galaxy  with  velocities 
similar  to  those  of  the  gases  they  excite. 
The  strange  motions  of  both  stars  and 
gas  are  unexpected  and  puzzling;  once 
again  we  are  forced  to  conclude  that  we 
still  know  very  little  about  nuclei  of 
galaxies. 

Our  studies  in  atomic  physics  are 
chosen  in  an  attempt  to  provide  labora- 
tory measurements  which  will  yield  reli- 
able oscillator  strengths  for  selected  ele- 
ments of  astrophysical  interest.  This 
parameter  is  important  in  order  to  de- 
termine the  relative  abundances  of  ele- 
ments in  stars,  galaxies  and  interstellar 
matter.   A  study  by  Assousa  and  W.  H. 


Smith  of  Princeton  was  undertaken  to 
determine  the  oscillator  strengths  for  the 
Fe  II  state  in  order  to  avoid  large  cor- 
rections which  are  necessitated  by  the 
ionization  state  of  the  interstellar  me- 
dium. The  electron-beam  phase-shift 
apparatus  at  Princeton  was  used  to  in- 
vestigate lifetimes  for  neutral  and  singly 
ionized  species  of  iron  as  well  as  the  Fe 
II  state.  From  the  resulting  data  abso- 
lute oscillator  strengths  could  be  cal- 
culated which  allow  placing  of  a  very 
large  number  of  relative  oscillator 
strength  measurements  onto  an  absolute 
scale.  C.  K.  Kumar  has  measured  the 
lifetimes  of  rubidium  at  six  levels  in  Rb 
II  using  the  beam-foil  method  and  the 
Carnegie  image  tube  spectrograph.  These 
findings  are  the  first  reported  for  this 
heavy  alkali  ion. 

Dr.  Forbush's  analyses,  following  the 
reactivation  of  an  adequate  cosmic-ray 
net  of  detectors,  reveal  that  the  yearly 
averages  (1937-1971)  of  the  diurnal  vari- 
ation of  cosmic-ray  intensity  are  quite 
well  represented  by  the  addition  of  two 
components  each  due  to  solar  influences. 
One  component  varies  with  the  usual 
solar  cycle  (period  10-12  years)  and  is 
correlated  with  magnetic  activity.  The 
other  and  larger  component  varies  with  a 
"period"  twice  that  of  the  usual  solar 
cycle  and  is  well  synchronized  with  the 
variations  of  this  "period"  in  the  sun's 
magnetic  field  found  by  Dr.  Horace  Bab- 
cock in  1959,  and  corroborated  by  sub- 
sequent observations  by  Dr.  Howard,  also 
of  the  Hale  Observatories.  Some  forty 
years  of  patient  observation  and  data 
accumulation  have  been  necessary  to 
establish  these  correlations.  Thus,  not  all 
scientific  results  of  moment  are  at  our 
command  on  demand.  The  Universe  is 
exceedingly  reluctant  to  give  up  its 
secrets  if  one  uses  human  generation  time 
as  a  time-piece ! 

In  the  areas  of  geophysics  and  geo- 
chemistry we  have  undertaken  a  broad 
on-going  program  which  involves  the  co- 
operation of  the  Geophysical  Laboratory 
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and  many  collaborators  throughout  the 
world,  especially  in  South  America  and 
Japan.  In  recent  years  great  general  in- 
terest has  been  aroused  as  a  result  of  the 
plate  tectonic  hypothesis  and  a  number 
of  models  have  been  suggested  to  account 
for,  among  other  tectonic  processes,  is- 
land arc  volcanism.  Most  of  these  models 
invoke  the  idea  that  subducted  or  under- 
thrust  oceanic  plates  provide  the  source 
for  various  constituents  of  arc  magmas. 
Much  of  the  petrologic  and  geochemical 
evidence  is  consistent  with  this  general 
sort  of  model.  Sinha  and  Hart  have  re- 
examined this  problem  and  their  data 
bring  into  question  a  simple  subduction 
model.  They  suggest  that  alternative 
models  involving  partial  melting  of  the 
mantle  overlying  the  subduction  zone 
should  be  considered.  They  have  ana- 
lyzed four  volcanic  rocks  from  the  Tonga- 
Kermadec  arc  and  five  sediment  samples 
from  the  ocean  floor  just  outside  the 
trench  for  U,  Th,  Pb,  K,  Rb,  Cs,  Sr  and 
Ba  concentrations  and  Sr  and  Pb  isotopic 
compositions.  This  is  the  first  study 
which  combines  a  wide  range  of  element 
concentrations  with  precise  isotopic  data 
for  both  volcanic  and  sediment  samples 
from  a  given  arc  area. 

In  Year  Book  70  James  reported  an  at- 
tempt to  synthesize  geophysical,  geolog- 
ical and  geochemical  data  into  a  coherent 
plate  tectonics  model  of  the  evolution  of 
the  central  Andes  of  South  America  dur- 
ing Mesozoic  and  Cenozoic  time.  It  was 
realized  that  geochemical  and  geochrono- 
logical  data  were  sorely  needed.  Hence, 
he  and  his  colleagues  have  initiated  an 
intensive  effort  to  provide  the  needed 
geochemical  information.  The  question 
of  origin  of  cordilleran  volcano-plutonic 
suites  is  still  debated  and  can  be  resolved 
in  the  Andes  only  by  careful  study  of  the 
kind  Sinha  and  Hart  report  for  the  island 
arcs.  Preliminary  analyses  of  the  Andean 
collection  already  have  shown  that  intru- 
sive and  volcanic  rock  groups  are  quite 
different,  there  being  little  correlation 
between  Sr  concentration  and  depth  to 


the  Benioff  zone  for  the  intrusive  suites, 
whereas  Hart  had  earlier  shown  that  a 
correlation  of  increasing  Sr  concentration 
with  depth  to  the  Benioff  zone  holds  for 
several  island  arcs. 

The  work  of  the  Biophysics  Section 
also  covers  a  wide  range  of  topics.  They 
continue  to  center  about  the  nucleic  acids, 
although  efforts  on  memory  formation  in 
mice  and  immunological  studies  of  the 
quaternary  structure  of  an  allosteric  en- 
zyme have  expanded  the  group's  inter- 
ests. The  introduction  to  the  Biophysics 
Section  well  summarizes  the  work  carried 
on  during  the  report  year.  A  novel  find- 
ing might  be  pointed  out,  nevertheless. 
Dr.  Roberts,  in  collaboration  with  L.  B. 
and  J.  B.  Flexner,  has  been  studying 
memory  and  learning  processes.  One  of 
the  chief  classes  of  training  devices  has 
been  the  shuttlebox  in  which  a  mouse  or 
rat  is  electrically  shocked  when  it  does 
not  seek  out  an  unelectrified  portion  of 
the  box  upon  being  stimulated  by  a 
sound.  Mazes  and  other  devices  are  also 
widely  used  in  such  experiments.  They 
all  have  the  drawback  of  being  tedious 
procedures  and  results  on  testing  cannot 
always  be  reliably  predicted  from  per- 
formance during  training.  After  much 
exploratory  work  a  new  procedure  was 
developed.  This  is  based  on  the  aversion 
to  a  sugar  solution  which  develops  when 
mice  or  rats  are  made  ill  by  injection  of 
lithium  chloride  after  their  first  taste  of 
sugar.  If  the  animals  are  injected  with 
LiCl  about  90%  will  show  a  marked 
aversion  to  the  sugar  solution  whereas 
before  treatment  about  90%  showed  a 
marked  preference  for  sugar  over  plain 
water.  With  this  simple  and  objective 
procedure  many  drugs  thought  to  inter- 
fere with  the  memory  process  may  be 
rapidly  screened.  Injection  of  cyclohexi- 
mide  immediately  after  LiCl  treatment 
did  not  prevent  aversion  whereas  reser- 
pine  reduced  the  number  of  mice  develop- 
ing aversion  to  40%  when  injected  im- 
mediately but  had  no  effect  when  injected 
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4  or  24  hours  after  treatment.  Since  re- 
serpine  causes  a  prompt  depletion  of  the 
levels  of  both  norepinephrine  and  sero- 
tonin, the  latter  neurotransmitters  maybe 
involved  in  the  memory  of  the  taste  of 
sugar.  Clearly,  many  experimental  situ- 
ations can  now  be  readily  set  up  and  ex- 


peditiously carried  out  in  studies  of  short- 
term  and  long-term  memory  processes. 

In  this  brief  introduction  it  has  been 
possible  to  refer  to  only  a  few  items  of 
interest.  The  reader  will  take  greater 
pleasure  in  reading  and  studying  the  sci- 
entific reports  which  follow. 


ASTROPHYSICS 

G.  E.  Assousa,  L.  Brown,  J.  W.  Erkes,  W.  K.  Ford,  Jr.,  C.  K.  Kumar,  U.  Rohrer,  V.  C.  Rubin, 
E.  Steiner,  N.  Thonnard,  K.  C.  Turner,  and  M.  A.  Tuve 


Introduction 

Collected  here  are  reports  of  a  small 
group  of  physicists  and  astronomers  who 
give  an  accounting  of  their  activities  in 
the  Department.  Some  of  these  accounts 
are  of  new  projects  just  under  way  that 
report  no  definitive  results  but  rather  de- 
scribe the  nature  of  the  problem  under 
study  and  indicate  the  method  of  attack. 
Such  a  report  is  given  by  Rubin  and  Ford 
of  a  new  program  for  observing  the  radial 
velocities  of  Scl  galaxies.  Other  accounts, 
such  as  that  of  Brown  and  his  colleagues 
on  beryllium-8,  tell  of  the  excitement  of 
work  in  progress  that  is  giving  beautiful 
and  provocative  results.  Additional  con- 
tributions are  brief  summaries  of  work 
completed,  reported  in  part  in  previous 
years  and  published  in  detail  in  appro- 
priate international  technical  journals. 
Finally,  there  is  an  informal  account  by 
Dr.  Tuve  of  ten  years  of  work  on  the 
observations  and  interpretations  of  the 
velocities  of  neutral  hydrogen  in  the 
Galaxy.  These  observations  constitute 
the  body  of  a  Carnegie  Institution  mono- 
graph to  be  made  available  early  in  1973. 

Optical  Astronomy 

W.  K.  Ford,  Jr.,  C.  K.  Kumar, 
and  Vera  C.  Rubin 

During  the  report  year  our  activities 
have  been  directed  toward  completing 
our  study  of  the  Andromeda  Nebula 
(M31)  and  starting  a  new  observational 
program  to  investigate  the  isotropy  of 


the  expansion  of  the  universe  (Hubble 
constant) .  These  programs  are  described 
below. 

Stellar  motions  within  2  kpc  of  the 
nucleus  of  MSI.  Last  year  we  completed 
a  study  of  the  excited  gas  near  the  nucleus 
of  M31.  The  results  indicate  that  the  gas 
is  restricted  to  a  very  thin  disk  no  more 
than  25  pc  thick  and  that  within  400  pc 
of  the  nucleus  the  gas  disk  is  in  rapid 
rotation.  In  addition,  gas  is  flowing  out 
from  the  nucleus  in  two  position  angles 
nearly  180°  apart,  and  low  lying  clouds 
of  gas  and  dust  are  falling  to  the  plane. 
Beyond  400  pc,  rotational  velocities  again 
rise  to  near  200  km/sec  and  then  fall  to  a 
very  low  value  near  R  =  1600  pc  (which 
is  only  about  x/\i  of  the  radius  of  M31). 
This  low  minimum  in  the  observed  veloc- 
ities is  probably  the  most  striking  feature 
we  have  observed  in  the  gas  velocities. 
Beyond  R  =  1600  pc,  we  have  not  studied 
the  excited  gas,  but  our  earlier  velocities 
from  individual  HII  emission  regions 
indicate  that  rotational  velocities  once 
again  rise  to  200  km/sec  and  remain 
nearly  constant  out  to  24  kpc. 

Once  this  model  of  the  kinematics  of 
the  excited  gas  had  emerged,  the  obvious 
next  question  was,  What  are  the  stellar 
velocities  within  1600  pc  of  the  nucleus? 
Because  absorption  lines  in  galaxy  spec- 
tra arise  from  the  integrated  light  of 
many  stars,  the  lines  are  always  broad 
and  diffuse  and  the  velocity  accuracy 
is  lower  than  that  measured  for  the  ex- 
cited gas  from  sharp  emission  lines.  On 
our  spectra  the  sharpest  absorption  line 
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is  the  Fraunhofer  E  line  (Fel  +  Cal, 
A5269).  Measures  of  this  line  coming 
from  the  major  and  minor  axes  indicate 
that  overall  the  stellar  motions  resemble 
the  gas  motions,  with  rapid  rotational 
velocities  near  the  nucleus  falling  to  very 
low  velocities  near  R  =  1600  pc.  Stellar 
motions  outward  from  the  nucleus  are 
also  observed  just  where  outward  gas 
motions  are  seen.  This  result  was  not  ex- 
pected because  irregularities  in  the  mo- 
tion of  the  low-mass  gas  are  considerably 
easier  to  maintain  than  are  irregularities 
in  the  motions  of  the  more  massive  stars. 
However,  Babcock  (1939) *  had  much 
earlier  measured  rotational  velocities  of 
the  stars  in  M31,  and  his  results  first 
showed  stellar  rotational  velocities  falling 
to  near  zero  at  R  =  1600  pc. 

Model  studies  for  the  distribution  of 
stellar  velocities  and  stellar  densities  near 
the  nucleus  are  currently  under  way. 
Preliminary  results  indicate  that  if  we 
adopt  a  model  of  stellar  orbits  of  small 
ellipticity  distributed  in  a  fat  (» — '  1000 
pc)  disk,  observations  through  the  disk 
will  reproduce  the  observed  velocities  if 
the  average  velocity  at  each  distance  is 
close  to  the  gas  velocity.  Moreover, 
structural  and  luminosity  anomalies  also 
exist  at  R  =  1600  pc,  where  the  second 
spiral  arm  crosses  the  NE  major  axis.  We 
are  presently  attempting  to  understand 
the  dynamical  implications  of  these  ve- 
locities and  their  relation  to  the  entire 
galaxy. 

Variation  of  emission  line  strengths 
across  MSI .  From  our  spectra  of  excited 
gas  near  the  nucleus  and  HII  emission 
regions  in  the  range  3  kpc  <  R  <  24  kpc, 
we  can  study  the  variation  in  spectral 
line  strengths  across  the  disk  of  M31. 
In  the  nuclear  gas,  lines  of  [OIII], 
[Nil],  and  [SII]  are  all  stronger  than 
Ha.  The  innermost  HII  regions  appear 
at  3  kpc  <  R  <  5  kpc.  Five  of  these 
regions  exhibit  spectra  much  like  that  of 
the  nuclear  gas,  with  lines  of  [OIII], 
[Nil] ,  and  [SII]  stronger  than  Ha.  Five 
other  HII  regions  at  this  same  distance 


exhibit  conventional  spectra,  with  all 
lines  weaker  than  Ha.  We  attribute  the 
strong  nuclear  lines  and  the  strong  lines 
in  the  anomalous  HII  regions  to  an  exci- 
tation mechanism  different  from  that  of 
a  normal  HII  region.  In  the  distance 
range  5  to  15  kpc,  there  is  a  systematic 
decrease  in  the  [Nil]  /Ha  intensity  ratio 
and  a  systematic  increase  in  the  [OIII]  / 
Ha  ratio.  This  is  interpreted  as  a  de- 
crease in  the  N/H  and  O/H  abundance 
ratios  with  increasing  distances  from  the 
nucleus. 

In  our  own  Galaxy,  no  emission  regions 
are  known  with  [Nil]  or  [SII]  lines 
stronger  than  Ha.  In  external  galaxies, 
integrated  spectra  of  the  nuclei  of  ellip- 
tical and  SO  spirals  show  that  [Nil]  is 
always  stronger  than  Ha  but  weaker 
than  Ha  for  most  spiral  galaxies  (Bur- 
bidge  and  Burbidge,  1965). 2  We  are 
aware  of  no  observations  of  individual 
emission  regions  in  external  galaxies  that 
exhibit  the  anomalously  strong  lines  we 
see  in  some  emission  regions  near  the 
nucleus  of  M31.  Details  of  this  work  can 
be  found  elsewhere  (Rubin,  Kumar,  and 
Ford,  1972). 3 

An  investigation  of  the  isotropy  of  the 
Hubble  constant.  In  recent  years  much 
work  has  been  directed  toward  establish- 
ing the  rate  of  expansion  of  the  universe, 
i.e.,  the  Hubble  constant,  principally  by 
Sandage  and  his  collaborators.  At  the 
same  time,  analysis  of  the  available  red- 
shifts  has  suggested  that  the  Hubble  ex- 
pansion may  not  be  isotropic  for  nearby 
galaxies.  Implicit  in  all  studies  has  been 
the  assumption  that  the  Hubble  constant 
is  isotropic  at  redshifts  greater  than 
about  4000  km/sec.  In  order  to  investi- 
gate this  assumption,  we  have  started  a 
program  to  determine  velocities  for  a 
sample  of  200  Scl  galaxies  in  the  magni- 
tude range  14.0  ^  m  ^  15.0.  The  galaxies 
were  chosen  from  a  search  of  all  fields  in 
the  Palomar  Atlas  by  Miss  Judy  Rubin, 
an  astronomy  student  at  Radcliffe  Col- 
lege, and  the  magnitudes  come  from  cat- 
alogs of  Zwicky  and  Verontsov-Velyami- 
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nov.  The  distribution  on  the  sky  for 
these  galaxies  is  shown  in  Fig.  1. 

The  dispersion  in  absolute  magnitude 
is  very  small  for  Scl  galaxies  (van  den 
Bergh,  1960)  ,4  so  they  are  good  "standard 
candles."  Hence,  independent  of  the 
value  of  the  Hubble  constant  and  of  the 
absolute  magnitude  of  Scl  galaxies,  we 
can  investigate  the  variation  of  velocities 
as  a  function  of  position  on  the  sky. 
While  the  effects  of  interstellar  absorp- 
tion within  our  Galaxy  will  complicate 
the  analysis,  it  is  expected  that  this  can 
be  handled  in  a  statistical  fashion. 

We  have  determined  velocities  for 
about  50  galaxies  of  this  sample  from 
observations  at  Lowell  Observatory,  Kitt 
Peak  National  Observatory,  and  Cerro 
Tololo  and  Las  Campanas  Observatories 
in  the  southern  hemisphere.  The  DTM 
spectrograph,  which  incorporates  an  RCA 
C33011  two-stage  cascaded  tube,  was 
used  at  Lowell,  Kitt  Peak,  and  Las  Cam- 
panas, while  the  Cerro  Tololo  spectro- 
graph, with  the  same  type  image  tube, 
was  used  there.  At  a  dispersion  of  100  A/ 
mm,  exposure  times  are  typically  nearly 
two  hours.  Excellent  conditions  of  seeing 
are  necessary  to  show  up  the  sharp  emis- 
sion lines  expected  from  the  nuclei  of 
galaxies  of  this  type,  and  the  objects  are 
sufficiently  faint  so  that  the  observing 
procedures  are  quite  critical  and  difficult. 

In  the  course  of  setting  up  on  one  of 
these  galaxies,  no.  16  in  Zwicky  field  155, 
a  supernova  in  that  galaxy  was  seen 
visually  in  the  field.  Spectra  taken  im- 
mediately upon  discovery  confirmed  that 
it  is  of  Type  I.  Tammann  (1970)5  has 
shown  that  frequency  of  occurrence  of 
supernovae  is  a  very  steep  function  of 
luminosity  of  the  parent  galaxy;  Scl 
galaxies  have  the  highest  observed  fre- 
quency of  supernovae. 


Image  Tubes 
W.  K.  Ford,  Jr.,  and  L.  Brown 

For  many  years  the  best  way  to  obtain 
a  measure  of  the  distribution  of  light  in 


a  spectrum  has  been  by  scanning  the 
spectrum  point  by  point  with  a  single 
photomultiplier.  The  electrical  output  of 
the  photomultiplier  represents,  image  ele- 
ment by  image  element,  the  intensity  of 
the  light  in  the  spectrum.  Recently  the 
efficiency  of  this  single  element  scanning 
has  been  improved  by  using  arrays  of 
many  photomultipliers.  Because  of  the 
complexity  of  these  arrays,  this  approach 
is  limited  in  usefulness.  On  the  other 
hand,  image  tubes  of  both  the  cascaded 
and,  more  recently,  the  fiber-optic  types 
provide  a  convenient  way  of  photograph- 
ing low-light-level  images.  To  obtain 
quantitative  information  on  the  intensity 
distribution  of  light  in  the  image,  how- 
ever, it  is  necessary  to  calibrate  the  re- 
sponse of  the  photographic  plates.  The 
transfer  function  for  photographic  plates 
is  nonlinear  and  of  limited  dynamic  range 
and  so  is  difficult  to  use,  particularly  in 
those  applications  where  background 
subtraction  is  required.  Television  tubes, 
particularly  the  image  orthicon,  the  im- 
age isocon,  and  the  SEC  vidicon,  have 
been  used  to  obtain  quantitative  meas- 
ures of  low-light-level  images.  The  signal 
is  digitized  by  running  the  video  output 
through  an  A-to-D  converter,  but  these 
systems  thus  far  have  not  actually  been 
pulse  counting  in  the  same  sense  that  an 
array  of  photomultipliers  counts  photons 
or,  more  accurately,  counts  photoelec- 
trons. 

In  an  attempt  to  develop  a  digitized 
spectrum  scanner  we  have  been  working 
with  an  experimental  high-gain,  cascaded- 
type  tube  coupled  with  a  standard  image 
dissector  scanning  photomultiplier.  The 
cascaded  tube  has  sufficient  gain  so  that 
each  photoelectron  is  clearly  visible  on 
the  output  phosphor  screen  as  a  bright 
scintillation.  It  is  estimated  that  many 
hundred  photoelectrons  are  produced  by 
such  a  scintillation  in  the  cathode  of  a 
secondary  imaging  device,  such  as  an 
image  dissector,  located  in  the,  focal  plane 
of  a  transfer  lens.  These  "secondary" 
photoelectrons  are  distributed  in  time  so 
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that  90%  are  emitted  within  one  milli- 
second. This  time  dispersion  is  due  pri- 
marily to  the  persistence  characteristics 
of  the  screens  in  the  cascaded  image  tube. 
Hence,  one  can  think  of  using  this  per- 
sistence for  short-term  storage  of  photo- 
electron  events  occurring  in  the  first 
photocathode  on  the  image  tube.  A  sig- 
nal from  the  image  dissector  indicates 
that  one  or  more  secondary  photoelec- 
trons  has  been  received,  and  this  signal  in 
turn  can  be  used  to  produce  a  logic 
signal  that  indicates  the  presence  of  a 
photoelectron  at  that  point  of  the  image. 
The  experiments  thus  far  have  been  en- 
tirely with  line  images,  that  is,  with  spec- 
tra. The  image  tube  and  scanning  device 
produce  two  signals:  an  analogue  signal 
that  indicates  the  location  of  an  element 
in  the  image,  and  a  logic  pulse  that  indi- 
cates the  presence  of  an  event.  One  can 
think  of  these  logic  pulses  being  fed  in 
synchronism  with  the  scan  to  the  ad- 
dresses of  a  memory  through  a  direct 
memory  access  line  in  a  mini-computer, 
or  to  a  multiscaler.  Since  we  are  dealing 
with  something  on  the  order  of  one  thou- 
sand image  elements,  however,  and  since 
we  are  interested  in  repetition  rates  of 
one  thousand  microseconds  or  faster,  we 
can  see  that  to  operate  in  a  multiscaler 
mode  would  require  one  microsecond 
channel  width  for  the  multiscale  dwell 
time.  To  circumvent  this  difficulty  the 
following  scheme,  suggested  by  Louis 
Brown,  has  been  devised.  The  logic  pulse 
is  fed  into  a  variable-gain  pulse  amplifier, 
the  bias  for  the  amplifier  being  derived 
from  the  current  through  the  deflection 
yoke  of  the  image  dissector.  This  pulse 
converter  imparts  to  the  uniform- 
amplitude  logic  pulse  ari  amplitude  pro- 
portional to  its  position  within  the  sweep. 
These  pulses,  thus  encoded,  are  then  de- 
coded by  being  fed  directly  into  a  pulse- 
height  analyzer.  This  is  a  status  report 
on  some  of  the  details  of  this  DTM 
digitized  spectrum  scanner. 

Our  device  has  been  put  together  in  order 
to  investigate  the  feasibility  of  obtaining 
a  digitized  output  from  a  cascaded  type 


of  tube.  From  the  beginning  it  was  de- 
cided to  use,  insofar  as  possible,  standard, 
readily  available  commercial  components. 
It  was  also  decided  that  we  should  at- 
tempt to  measure  the  efficiency  that 
would  be  expected  in  counting  photoelec- 
trons  with  a  cascaded  type  of  tube.  An 
experimental,  high-gain  RCA  C33063 
seemed  to  be  a  reasonable  tube  for  the 
first  experiments.  This  is  a  two-staged 
tube  (that  is,  it  has  one  electron  multi- 
plier) that  operates  at  an  overall  voltage 
up  to  30  kV.  At  an  operating  voltage  of 
29  kV  this  tube  has  a  radiant  energy  gain 
of  about  17,000.  With  a  Burke  and  James 
transfer  lens  having  about  3%  transfer 
efficiency  we  can  expect  500  photoelec- 
trons  at  the  cathode  of  an  end-on  photo- 
multiplier  or  image  dissector  for  each 
initial  photoelectron.  An  F4011  image 
dissector  made  by  the  Electron  Tube 
Division  of  ITT  was  optically  coupled 
with  unit  magnification  to  the  cascaded 
tube.  The  entrance  aperture  of  the  image 
dissector  was  specified  as  25  microns  by 
250  microns.  A  low-inductance  deflec- 
tion yoke  and  a  standard  focus  coil  were 
also  purchased  from  ITT.  The  cascaded 
image  tube  is  operated  in  a  permanent 
magnet.  It  was  found  that  a  soft  iron 
shield  encasing  the  entire  image  dissector, 
focus  and  scan  coils,  and  preamp  ade- 
quately shunted  the  fringing  field  of  the 
image  tube  focusing  magnet  so  that  the 
image  dissector  operated  properly.  A 
device  was  made  in  which  the  transfer 
lens  and  image  dissector  were  mounted 
together  physically,  and  this  assembly 
was  mechanically  focused  relative  to  the 
faceplate  of  the  cascaded  tube.  A  small 
pulse  preamplifier  was  built  onto  the  base 
of  the  image  dissector  socket  in  order  to 
drive  pulses  through  a  considerable  length 
of  50-ohm  cable. 

The  electronics  associated  with  this 
system  is  housed  and  operated  in  stand- 
ard NIM  Bins.  The  pulses  from  the  elec- 
tron multiplier  section  of  the  image  dis- 
sector, after  going  through  a  gain  of  3 
in  the  preamplifier  on  the  base,  are  am- 
plified   again   by   an   Ortec   Model   454 
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Timing  Filter  Amplifier.  This  unit  is 
operated  with  a  gain  of  20  and  produces 
a  fast,  shaped  output  pulse  that  is  in  turn 
fed  to  an  Ortec  Model  436  100  MHz  Dis- 
criminator. The  discriminator  level  is  set 
by  viewing  the  pulse  height  distribution 
of  the  photoelectron  pulses  from  the  im- 
age dissector.  The  discriminator  in  turn 
produces  a  10-volt  logic  pulse  for  each 
pulse  above  the  discriminator  level.  The 
image  dissector  yoke  is  driven  by  a  hori- 
zontal sweep  unit  with  repetition  rates 
that  can  be  selected  from  100  msec  through 
1.0  msec  and  with  ranges  of  sweep  cor- 
responding to  5  to  25  mm  on  the  photo- 
cathode  of  the  dissector. 

A  similar  unit  is  provided  for  the  ver- 
tical sweep  to  produce  a  raster  scan  which 
is  useful  in  the  initial  alignment  of  the 
dissector.  D.  C  level  shifts  are  provided 
for  centering  in  both  units.  Pulses  from 
the  lOO^MHz  discriminator  are  fed  to  the 
DTM  pulse  converter.  This  unit  imparts 
to  the  uniform  amplitude  logic  pulses  an 
amplitude  proportional  to  the  current 
through  the  deflection  yoke.  The  analogue 
pulses  from  the  pulse  converter  are  then, 
for  convenience,  sent  through  an  Ortec 
Model  444  Gated  Biased  Amplifier.  This 
unit  provides  a  convenient  method  of  ex- 
panding the  image  (zooming)  as  it  is  seen 
by  the  pulse-height  analyzer.  Also,  it 
provides  a  method  of  blanking  the  pulses 
picked  up  during  the  return,  or  flyback,  of 
the  sweep.  A  Log  Linear  Rate  Meter, 
Ortec  Model  449-2,  is  used  to  keep  track 
of  the  total  counting  rate  in  the  image. 
The  image  dissector  is  operated  at  2.5  kV 
total  voltage  from  a  standard  photomulti- 
plier-type  power  supply.  The  focus  coil 
for  the  dissector  is  current  regulated  and 
runs  about  14.5  V  at  200  ma.  A  dynam- 
ically focused  system  is  under  construc- 
tion. 

We  have  been  primarily  concerned  with 
devising  an  efficient  method  of  generating 
digitized  data  from  a  cascaded  tube. 
There  are  several  methods  of  storing  the 
data  in  a  wired  program  data  acquisition 
system.   These  we  prefer  for  expedition- 


ary use  over  the  more  versatile  on-line 
mini-computer,  which  would  probably  be 
a  better  choice  for  operation  at  a  single, 
home-based  observatory.  Consequently  a 
Nuclear  Data  Model  2400  Data  Handling 
Unit  was  purchased  for  the  system. 

The  system  has  been  tested  on  an 
optical  bench  setup  that  uses  as  a  test 
source  a  Baum— Imperial  College  target 
and  a  modified  test  projector.  The  target 
has  been  masked  down  to  give  a  simu- 
lated line  image  of  a  picket  fence  type  of 
pattern  with  closer  and  closer  spacing. 
The  test  projector  is  equipped  with  a  set 
of  four  filters  and  has  been  calibrated  in 
relative  terms  with  several  C33011  cas- 
caded image  tubes  as  well  as  the  C33063 
tube  used  in  the  present  experiment.  We 
have  a  good  estimate,  then,  from  these 
exposures,  as  well  as  from  viewing  the 
low-light-level  image,  of  how  our  labora- 
tory light  levels  compare  with  those  en- 
countered at  the  telescope.  From  a  com- 
parison of  a  number  of  these  exposures  it 
appears  that  we  are  within  a  factor  of  4 
of  equal  signal-to-noise  ratios  for  equal 
exposures  with  the  image  tube-image  dis- 
sector system  versus  the  image  tube- 
photographic  plate  combination.  This  is 
extremely  encouraging  in  that  the  image 
tube  and  plate  combination  is  some  40  or 
50  times  faster  than  direct  unaided  pho- 
tography. 

There  are  two  principal  losses  in  effi- 
ciency in  the  system.  First,  the  distribu- 
tion of  light  within  a  photoelectron  scin- 
tillation at  the  phosphor  screen  is 
decaying  exponentially  rather  than  being 
uniformly  distributed  in  time.  This  effect, 
in  principle,  can  be  minimized  by  faster 
scanning  at  the  expense  of  possible  re- 
dundancy in  the  count.  A  second  ineffi- 
ciency is  the  loss  of  "secondary"  photo- 
electrons  to  the  accelerating  mesh  of  the 
image  dissector.  This,  as  we  understand 
it,  has  a  transmission  to  photoelectrons  of 
only  about  65%.  This  loss  can,  in  prin- 
ciple, be  compensated  for  by  a  corre- 
sponding increase  of  gain  by  a  factor  of  2 
in  the  image  tube  or,  alternatively,  by  the 
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use  of  an  image  dissector  that  has  no 
accelerating  mesh. 

Thus  far  the  emphasis  has  been  on  de- 
veloping and  exploring  the  image  dissec- 
tor-cascaded tube  combination.  It  ap- 
pears that  even  a  two-stage  tube  with 
lens  coupling  has  sufficient  counting  effi- 
ciency to  make  observational  work  with 
the  system  feasible.  An  ideal  system 
might  approach  the  efficiency  of  a  thou- 
sand photomultipliers  looking  simultane- 
ously at  a  spectrum,  whereas  this  system 
is  equivalent  to  several  hundred  photo- 
multipliers  looking  simultaneously  at  a 
spectrum  divided  into  a  thousand  image 
elements.  Therefore,  we  have  a  high- 
resolution  pulse-counting  system  with 
about  one  quarter  the  efficiency  of  an 
ideal  photoelectron  counting  array.  This 
is  a  tremendously  exciting  development. 

With  this  digitized  scanning  device  we 
will  be  able  to  attack  a  number  of  astro- 
nomical problems  that  have  required 
greater  precision  or  greater  dynamic 
range  than  can  be  obtained  with  the 
photographic  recording  of  the  old  C33011 
cascaded  ("Carnegie")  image  tube.  We 
will  have  the  advantage  of  a  more  ac- 
curate measurement  of  the  response  func- 
tion of  the  detecting  system.  We  will 
have  the  linearity  of  response,  which 
makes  background  subtraction  more  ac- 
curate, and  we  will  have  the  large 
dynamic  range  required  for  measuring 
both  bright  and  faint  images. 

The  development  of  the  high-gain 
image  tube  and  the  work  on  this  digital 
system  have  been  supported  in  large  part 
by  a  grant  from  the  National  Science 
Foundation. 


Radio  Astronomy 

G.  E.  Assousa,  E.   T.  Ecklund,   J.   W.  Erkes, 

C.  A.  Little,  S.  Lundsager,  N.   Thonnard, 

K.  C.  Turner,  and  M.  A.  Tuve 

The  scope  of  observations  at  our  Der- 
wood  Observatory  has  been  enhanced 
considerably  by  the  completion  and  in- 
stallation of  a  new  receiver  tunable  from 


20  to  25  GHz.  This  has  naturally  neces- 
sitated the  expenditure  of  considerable 
effort  in  equipment  development,  which 
we  will  describe  first. 

Equipment  Development 

The  construction  and  installation  of 
our  20-  to  25-GHz  (1.5  to  1.2  cm)  re- 
ceiver was  completed  in  October,  and 
preliminary  observations  are  under  way. 
Instead  of  further  developing  our  own 
balanced  mixer  and  first  I.  F.  stage,  we 
are  presently  using  a  mixer-wide-band 
I.  F.  (20-300  MHz)  package  borrowed 
from  the  National  Radio  Astronomy  Ob- 
servatory. The  local  oscillator  system 
used  has  been  described  in  Year  Book  69. 
The  wide-band  I.  F.  signal  is  amplified 
and  split  into  two  equal  channels.  The 
signal  in  one  of  these  channels  (con- 
tinuum channel)  is  detected  with  a  back- 
diode,  which  has  superior  dynamic  range, 
square  law  response,  and  temperature 
stability  compared  with  other  detectors. 
The  signal  from  the  other  channel  (line 
observation  channel)  is  mixed  with  a 
second  local  oscillator  and  converted 
from  230  MHz  to  30  MHz,  which  makes 
it  compatible  with  our  56-channel  fre- 
quency analyzing  spectrometer.  The 
above  components  are  mounted  in  an 
insulated  box  which  is  temperature  con- 
trolled with  a  solid-state  heater  to  within 
±0.1°C. 

Both  the  new  1.5-  to  1.2-cm  front  end 
and  the  21 -cm  hydrogen  line  front  end 
were  mounted  at  the  focal  plane  of  the 
60-foot  dish  on  a  special  parallelogram 
hinge  arrangement.  Twenty-four  addi- 
tional cables  were  installed  so  that  both 
receivers  could  be  left  on  at  all  times. 
This  allows  one  to  change  from  21-cm 
operation  to  1.5-  to  1.2-cm  operation  (or 
vice  versa)  in  only  15  minutes  by  simply 
hinging  one  or  the  other  of  the  receivers 
into  position  at  the  focus. 

A  new  continuum  observation  back  end 
has  been  developed,  using  integrated  cir- 
cuit operational  amplifiers  and  FET 
switches  for  the  phase  detector.  The  sys- 
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Fig.  2.   Average  deviation  from  the  calculated  panel  position  at  each  of  21   measured   rings. 


tem  has  been  gratifyingly  stable  and  very- 
useful.  It  can  be  used  with  the  30-MHz 
I.  F.  signal  of  the  hydrogen  line  receiver 
(8-MHz  bandwidth),  the  30-MHz  I.  F. 
signal  of  the  1.5-  to  1.2-cm  receiver  (15- 
MHz  bandwidth),  or  the  continuum 
channel  of  the  1.5-  to  1.2-cm  receiver 
(280-MHz  bandwidth).  Also,  an  FET 
electrometer  was  developed  to  replace  our 
aging  tube  model,  which  exhibited 
hysteresis  and  drift. 

To  study  line  emissions  in  the  1.5-  to 
1.2-cm  range  and  to  study  weak  and 
highly  dispersed  21 -cm  hydrogen  line 
features,  the  original  (1953)  hydrogen 
line  spectrometer  filters  are  being  re- 
tuned  and  updated  with  solid-state 
buffers.  These  filters  will  be  60  kHz  wide, 
separated  by  75  kHz,  and  cover  a  total 
bandwidth  of  4  MHz.  This  will  give  us 
two  complete  spectrometers:  our  stand- 
ard set  with  channel  separation  of  4 
km/sec  at  21  cm  (0.25  km/sec  at  1.3  cm) 
and  bandwidth  of  224  km/sec  at  21  cm 
(14  km/sec  at  1.3  cm),  and  the  new 
wide-band  set  with  16  km/sec  (1  km/sec) 
channel  separation  and  864  km/sec  (54 
km/sec)  bandwidth.  To  drive  both  sets 
of  filters  a  wide-band,  solid-state  system 
is  being  developed  which  includes  the 
converter  from  I.  F.  frequency  to  filter 
frequency,  video  amplifiers,  and  separate 
drivers  for  each  group  of  six  filters. 

A  careful  survey  of  the  surface  ac- 
curacy of  the  60-foot  Derwood  reflector 


was  made  in  December.  The  distance 
from  the  focus  to  a  total  of  1308  points 
on  the  reflector  surface  was  measured  to 
a  repeatability  of  ±0.010".  Figure  2 
shows  the  average  deviation  from  the  cal- 
culated panel  position  at  each  of  the  21 
measured  rings.  First  of  all,  one  should 
notice  that  for  the  first  three-quarters  of 
the  reflector  radius,  the  average  position 
is  only  off  by  a  constant  from  the  calcu- 
lated value  (correctable  by  slight  focus 
change) ,  but  for  the  last  quarter  (repre- 
senting a  third  of  the  area)  the  reflector 
surface  is  systematically  off  by  more 
than  a  half  wavelength  in  phase  at  1.3 
cm.  The  mean  RMS  fluctuation  from  the 
average  panel  position  is  about  ±0.046", 
which  gives  a  calculated  aperture  effi- 
ciency of  22%.  Careful  observations  of 
known  continuum  and  H20  line  sources 
have  shown  that  the  antenna  is  stable  at 
these  frequencies  and  can  track  (after 
the  installation  of  a  correction  gear  box) 
sources  for  hours,  but  the  measured  aper- 
ture efficiency  is  only  about  12%.  This 
could  be  explained  by  the  discontinuous 
nature  of  the  reflector  surface.  Hence 
we  believe  that  simply  repositioning  the 
outer  panels  without  reducing  the  RMS 
fluctuation  should  raise  the  efficiency  to 
above  20%.  Furthermore,  due  to  the 
quality  of  the  individual  panels,  it  is  felt 
that  the  RMS  could  be  reduced  to  less 
than  0.030",  which  will  increase  the  effi- 
ciency to  nearly  50%. 


226 


CARNEGIE    INSTITUTION 


Velocity  Structure  in  Hydrogen  Profiles 
Merle  A.  Tuve  and  Soren  Lundsager 

The  determination  of  the  internal  mo- 
tions within  spiral  galaxies  and  the  rela- 
tion of  the  dynamics  to  the  spiral  struc- 
ture are  basic  problems  in  the  study  of 
galaxies.  Reliable  velocity  measurements 
are  derived  spectroscopically  from  emis- 
sion lines  from  excited  gas  in  these  gal- 
axies. Unfortunately,  the  observational 
problems  are  great,  and  only  a  few  gal- 
axies are  close  enough  so  that  they  can  be 
studied  in  detail.  For  the  vast  majority 
of  galaxies,  the  optical  images  subtend  a 
very  small  angle  on  the  sky,  and  emission 
lines  can  be  detected  only  near  the 
nuclei;  velocities  of  the  outer  regions 
cannot  be  obtained.  In  addition,  absorp- 
tion lines,  arising  from  the  integrated 
starlight  of  billions  of  stars  of  differing 
types  and  differing  motions,  are  too 
broad  for  accurate  velocities  to  be  meas- 
ured. 

Two  galaxies  are  exceptions  to  this 
predicament.  One  is  the  Andromeda  Gal- 
axy (M31),  so  near  that  it  subtends  an 
angle  of  about  5°  on  the  sky.  Rubin  and 
Ford,  using  an  image  tube  spectrograph, 
have  been  able  to  detect  sharp  emission 
lines  and  measure  velocities  across  4°, 
and  details  of  the  velocity  patterns  for 
M31  are  now  available.  The  other  excep- 
tion is  our  own  Galaxy. 

In  our  own  Galaxy,  velocity  at  great 
distances  from  the  sun  ca"n  be  determined 
only  for  the  interstellar  gas.  Because 
the  interstellar  space  between  the  stars 
in  our  Galaxy  contains  gas  (principally 
hydrogen)  and  dust,  optical  observations 
even  with  large  telescopes  can  study  stars 
only  within  a  few  kiloparsecs  (10,000 
light  years)  of  the  sun.  The  center  of 
our  Galaxy,  at  a  distance  of  10  kpc 
(30,000  light  years)  from  the  sun,  has 
never  been  observed  optically.  However, 
the  hydrogen  gas  radiates  at  a  wave- 
length of  21  cm;  radio  telescopes  can 
detect  this  emission  from  regions  com- 
pletely across  our  Galaxy.  Along  a  single 


line  of  sight  in  the  galactic  plane,  emis- 
sion from  discrete  gas  clouds,  each  at  a 
different  distance  from  the  galactic  cen- 
ter, each  rotating  about  the  center  of  our 
Galaxy  with  a  velocity  which  depends 
on  its  distance  from  the  center,  will  con- 
tribute to  the  observed  21-cm  signal.  The 
total  observed  profile  will  thus  be  the 
summation  of  contributions  from  various 
Doppler  shifted  signals,  adding  to  pro- 
duce peaks  and  valleys  in  the  intensity- 
versus-velocity  profile. 

It  has  been  widely  accepted  that  the 
resolution  of  such  signals  for  successive 
longitudes  in  the  galactic  plane  would 
allow  the  radio  astronomer  to  unravel  the 
contribution  from  each  cloud,  plot  the 
location  of  the  densest  clouds  in  our 
Galaxy,  and  hence  map  the  spiral  struc- 
ture. After  many  years  of  observation 
at  DTM  and  many  false  starts  on  the 
reduction  problem,  we  have  now  reluc- 
tantly reached  the  conclusion  that  the 
deduction  of  the  spiral  structure  of  our 
Galaxy  from  the  21-cm  observations  is 
not  a  straightforward  or  sound  procedure. 
The  route  which  we  have  followed  in 
reaching  this  conclusion  is  outlined  below. 
We  hope  that  this  result  will  serve  as  a 
stimulus  to  other  workers  so  that  new 
approaches  to  the  problem  will  be  in- 
vestigated, which  will  ultimately  be  suc- 
cessful in  unraveling  the  spiral  structure 
of  our  Galaxy. 

An  atlas  of  Doppler-velocity  profiles  of 
neutral  hydrogen  emission  (21  cm),  ob- 
served in  a  network  of  sky  points  as  in- 
dicated in  Fig.  3,  has  recently  been  pre- 
pared for  publication  as  a  Carnegie 
Institution  monograph.  More  than  5000 
separate  56-point  profiles  were  observed, 
using  the  Carnegie  60  foot  equatorially 
mounted  parabola  at  Derwood,  Mary- 
land. A  parametric  amplifier  and  56- 
channel  receiver  were  used,  having  an 
overall  equivalent  added  noise  of  220°  to 
280°K.  The  equivalent  half-power  band- 
width is  2  km/sec  (10  kc/sec)  and  the 
channels  are  spaced  4  km/sec  (18.9 
kc/sec). 
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Fig.  3.   Sky  map  of  positions  where  hydrogen  profiles  were  observed.   The  dots  on  the  map  are 
somewhat  larger  than  the  half-power  beam  diameter  (3/4°). 


A  comprehensive  survey  of  velocity- 
versus-intensity  profiles  covering  much 
of  the  sky  was  first  made  at  this  labora- 
tory in  the  period  1954—1957,  using  an 
8-meter  Wurzburg  parabola  on  an  equa- 
torial mounting  with  an  earlier  56-chan- 
nel  receiver.  The  high-latitude  data  were 
published  (Erickson  and  Heifer,  1960) 
but  the  ambiguities  in  deriving  distances 
in  the  galactic  plane  left  us  unsatisfied  by 
our  attempts  at  mapping,  and  the  data 
were  left  in  our  archives  (Burke  et  al., 
1959).  Other  attempts  were  made  in  the 
period  1960-1967,  but  each  time  the 
"analysis"  (mapping  procedure)  was  set 
aside  because  the  end  results  were  found 
to  be  so  radically  different  for  different 


assumed  rotation  curves,  however  plausi- 
ble. Finally  in  1967-1968  a  serious  effort 
was  made  with  the  improved  receiver 
and  parametric  amplifier  to  duplicate  the 
observations  and  the  results  published  for 
the  anticenter  region  by  P.  0.  Lindblad 
(1966)  and  for  the  region  020°  to  070°  by 
Burton  (1966)  and  Shane  and  Bieger- 
Smith  (1966).  A  network  of  sky  observa- 
tions was  made,  but  again  the  resulting 
maps  of  supposed  hydrogen  concentra- 
tions were  found  to  be  so  extremely  sensi- 
tive to  the  shape  and  especially  the 
smoothness  of  variation  of  the  assumed 
galactic  rotation  curves  that  the  analysis 
was  again  set  aside  as  entirely  unreliable. 
It  was  decided,  nevertheless,  that  the  21- 
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cm  radiation  coming  from  practically  all 
points  of  the  sky  deserved  a  repetition 
of  observations  by  various  independent 
investigators,  so  a  routine  format  was 
adopted  for  observations  in  the  period 
1968-1971.  These  latest  observations  are 
presented  and  discussed  in  the  Carnegie 
monograph. 

Can  the  spiral  structure  of  our  Galaxy 
be  deduced  from  21-cm  observations?  In 
the  early  period  of  enthusiastic  observa- 
tion, the  notable  peaks  and  valleys  in 
the  intensity-versus-velocity  profile  led 
to  a  quick  affirmative  answer  to  this  ques- 
tion. A  long  series  of  papers  by  many 
investigators  over  the  years  has  presented 
a  highly  attractive  picture  of  the  motions 
and  density  contrasts  of  hydrogen  which 
appears  to  fit  the  observations.  All  of 
these  studies  describe  the  Galaxy  as  a 
spiral  structure.  Our  present  observations 
also  show  similar  velocity  trends  which 
may  be  adjusted,  with  respect  to  an  as- 
sumed smooth  rotation  curve,  to  agree 
with  such  a  picture.  But  is  a  velocity 
perturbation  a  "spiral  arm"?  No  con- 
spicuous hydrogen  density  contrasts  be- 
tween arms  and  inter-arm  spaces  have 
been  demonstrated  by  any  of  the  inves- 
tigators despite  efforts  to  do  so.  Yet  the 
term  "spiral  arm"  surely  should  imply 
some  reasonable  degree  of  concentration 
of  matter  in  three-dimensional  space,  not 
just  a  velocity  perturbation.  As  Burton 
has  shown  (1971),  and  as  we  illustrate  in 
what  follows,  the  peaks  in  the  observed 
profiles  can  be  reproduced  by  very  small 
(3%)  perturbations  of  the  rotation  curve, 
even  for  a  galactic  disc  of  strictly  uni- 
form neutral  hydrogen-  density.  It  seems 
reasonable  to  expect  velocity  "turbu- 
lence" or  quasi-systematic  irregularity  in 
both  small  and  large-scale  space  dimen- 
sions from  various  residual  streaming 
effects  in  the  Galaxy,  with  the  result  that 
long  path  lengths  with  nearly  the  same 
velocity  can  occur  for  some  lines  of  sight 
(longitudes)  in  the  galactic  plane.  Yet 
it  seems  unreasonable  to  assume  an  ex- 
tremely smooth  and  regular  distribution 


of  gas  velocity,  i.e.,  a  rotation  curve, 
when  all  available  measures  within  the 
data  show  rather  large  fluctuations  and 
unexpected  variations  of  velocity. 

In  view  of  this  absence  of  any  signifi- 
cant evidence  for  real  hydrogen  arms 
contrasting  with  a  less  dense  hydrogen 
background,  it  is  our  view  that  descrip- 
tions of  the  Galaxy  in  terms  of  the 
Scutum,  Sagittarius,  Orion,  Perseus,  and 
other  arms  should  be  recognized  as  sim- 
ply referring  to  the  observed  trends  in 
velocity  profiles.  We  suggest  that  it  is  not 
appropriate  for  these  velocity  structures 
to  be  generally  understood  as  comprehen- 
sive evidence  for  a  spiral  structure  of  con- 
centrations and  locations  of  neutral  hy- 
drogen clouds  in  the  plane  of  the  Galaxy. 

A  sample  page  from  the  atlas  is  given 
as  Fig.  4,  showing  how  the  profiles  are 
presented;  for  all  "scans"  across  the 
galactic  equator  the  resolution  of  each 
profile  into  plausible  Gaussian  compo- 
nents is  also  indicated.  Profiles  for  the 
region  020°  to  060°  are  shown  in  Fig.  5, 
with  Gaussians  in  Fig.  6.  The  apparent 
trends  of  the  principal  Gaussian  compo- 
nents with  longitude  are  indicated  in 
Figs.  7  and  8,  with  the  hatched  areas 
showing  the  trends  as  seen  by  Burton  and 
Shane  (1970),  and  by  Shane  (1972),  and 
the  heavy  lines  showing  the  trends  inde- 
pendently selected  by  us.  Agreement  is 
amply  sufficient  to  verify  prominent  fea- 
tures generally  called  the  Scutum  and 
Sagittarius  spiral  arms  and  to  confirm 
that  there  are  other  conspicous  features 
for  which  no  identification  is  given.  We 
find  many  similar  velocity  structures  in 
our  hydrogen  profiles,  but  we  are  not 
able  from  these  to  draw  maps  (much  less 
spiral  arms)  of  the  hydrogen  distribution 
in  and  near  the  galactic  plane. 

To  illustrate  the  marked  kinematical 
consequences  of  the  sun's  position  and 
motion  in  the  Galaxy  we  have  examined 
some  simple  models.  The  variation  of 
the  velocity  and  density  of  the  hydrogen 
gas,  as  a  function  of  distance  from  the 
center  of  the  Galaxy,  is  chosen.    Then, 
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Fig.  4.  Sample  page  of  atlas ;  scans  across  the  galactic  equator.  Each  profile  has  been  resolved 
into  Gaussian  components,  represented  as  triangles.  The  base  of  each  triangle  is  2a  (twice  the 
Gaussian  dispersion) ;  the  height  of  each  triangle  is  the  optical  depth. 
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Fig.  6.  Gaussian  components,  represented  as  triangles,  for  the  profiles  from  020°  to  060°  along 
the  galactic  equator.  The  base  of  each  triangle  is  2<r  (twice  the  Gaussian  dispersion)  in  km /sec 
and  optical  depth  1.0. 
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Fig.  7.  Possible  trends  with  longitude  of  the 
various  Gaussian  components  (receding  veloc- 
ity) in  the  region  of  the  Sagittarius  feature.  The 
heavy  lines  represent  our  estimates  of  possible 
trends,  and  the  shaded  bands  show  the  trends 
identified  by  Burton.  The  junction  of  two  lines 
or  bands  near  049°,  60  km/sec,  has  been  widely 
identified  as  the  "Sagittarius  Arm." 


for  all  longitudes  in  the  galactic  plane  we 
can  predict  the  form  of  the  intensity- 
versus-velocity  profile  as  observed  from 
the  sun  for  the  adopted  velocity-density 
model. 

A  few  examples  of  the  results  from 
these  model  studies  will  illustrate  the 
great  sensitivity  of  the  velocity  profiles 
to  small  perturbations  of  velocity.  Fig- 
ure 9  is  a  plan  view  of  the  galactic  disc 
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Fig.  8.  Possible  trends  of  Gaussian  compo- 
nents with  longitude  in  the  region  of  the  Scutum 
feature.  Again,  the  heavy  lines  show  our  esti- 
mates of  trends,  and  the  shaded  bands  are  Bur- 
ton's. The  junction  of  two  lines  or  bands  (80 
km/sec)  near  034°  has  been  called  the  "Scutum 
Arm." 


in  rotation,  with  center  at  C  and  the  sun 
at  S,  10  kpc  distant.  Two  lines  of  sight, 
at  020°  and  030°,  are  shown,  along  with 
a  trailing  spiral  arm.  First,  let  us  assume 
a  completely  uniform  density  of  hydrogen 
throughout  the  disc,  with  strictly  circular 
velocities  about  the  galactic  center,  as 
indicated  by  curve  0  in  Fig.  10.  An 
alternative  rotation  curve  with  3% 
anomalies  of  circular  velocity  for  limited 
zones  near  8  kpc  and  13  kpc  from  the 
galactic  center  is  shown  as  curve  P,  Fig. 
10.  The  velocity  profiles  for  these  two 
rotation  curves  are  shown  as  Fig.  11  and 
Fig.  12,  respectively.  Note  that,  even 
with  completely  uniform  hydrogen  den- 
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Fig.  9.   Schematic  view  of  the  plane  of  the  rotating  Galaxy,  with  center  at  C.   The  sun  is  at  S. 
Two  lines  of  sight  (longitudes)  are  shown;  one  is  tangent  to  an  "arm." 
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Fig.  10.  Extreme  case  of  uniform  rotational  velocity,  250  km/sec,  curve  0.  The  sun  is  at  10  kpc. 
Curve  P  is  the  same,  with  two  small  (3%)  velocity  anomalies:  one  is  inside  the  solar  circle  (reced- 
ing velocities)  and  one  is  beyond  (approach  velocities). 
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Fig.  11.  Predicted  profiles  for  model  galaxy  of  curve  O.  Extremely  simple  galactic  model: 
rotational  velocity  250  km/sec  everywhere  and  strictly  uniform  hydrogen  density  (of  low  opacity) 
everywhere.  Note  the  "blue"  ridge  (at  left)  and  the  "red"  ridge  (at  right)  and  the  change  by  a 
factor  of  2  when  the  velocity  (intensity  integration)  moves  inside  the  solar  circle. 


Fig.  12.  Predicted  profiles  for  model  galaxy  having  velocities  given  by  curve  P,  again  with 
strictly  uniform  hydrogen  density  (of  low  opacity).  Note  that  the  3%  velocity  anomalies  in  the 
"red"  and  "blue"  regions  give  rise  to  large  peaks  and  valleys,  similar  to  those  in  the  profiles  from 
the  real  sky. 
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Fig.  13.  Possible  rotation  curves.  Curve  B„  represents  our  estimate  for  a  smooth  background 
curve,  and  curve  C,  for  the  region  below  10  kpc,  approximates  our  observed  "maximum  recession 
velocity"  values ;  above  10  kpc  curve  C  has  several  small  maxima,  for  illustrative  purposes. 


J I  I L 


J I 


+  50  +100  +150  -100  -50 


+  50  +100 


-100  -50 


Fig.  14.   Predicted  profiles  for  the  very  smooth   rotation   curve   B0,   assuming   strictly   uniform 
hydrogen  density  everywhere  (but  no  self  absorption). 
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sity  throughout  the  disc  (to  20  kpc) ,  large 
peaks  and  valleys  are  found  in  the 
Doppler  profiles.  In  particular,  note  the 
pronounced  structures  in  Fig.  12  and  the 
trends  with  longitude  which  they  exhibit. 
If  completely  uniform  hydrogen  density 
and  strictly  uniform  constant  circular 
velocity  plus  two  small  (3%)  velocity 
perturbations  over  quite  limited  regions 
of  the  galactic  disc  can  produce  such 
large  peaks  and  valleys,  we  clearly  must 
be  on  our  guard  in  interpreting  sky  pro- 
files as  indicators  of  concentrations  of 
hydrogen. 

Another  graphic  illustration  of  the 
sensitivity  of  hydrogen  profiles  to  small 
velocity  deviations  is  given  in  Fig.  13, 
which  shows  two  rotation  curves,  a 
smooth  rotation  curve,  B0,  and  the  near- 
est we  can  come  to  an  observed  rotation 
curve,  curve  C.  The  latter  represents,  for 
the  region  below  10  kpc,  the  rotational 


velocities  corresponding  to  the  maximum 
velocities  observed  in  the  sky  (presum- 
ably from  hydrogen  in  the  region  tangent 
to  the  innermost  circle  reached  at  each 
longitude).  In  addition,  we  have  added 
three  small  maxima  (3%)  in  the  range 
10  to  20  kpc.  The  computed  profiles  for 
the  smooth  curve  B0  (uniform  hydrogen 
density)  are  given  as  Fig.  14.  The  com- 
puted profiles  exhibit  a  great  complexity 
of  peaks  and  valleys.  We  also  show  in 
Fig.  15  calculated  profiles  based  on  rota- 
tion curve  C  but  with  a  hydrogen  density 
which  is  proportional  to  the  stellar  den- 
sity at  each  position  on  the  Galaxy.  These 
profiles  show  the  same  generally  complex 
characteristics  as  those  calculated  with  a 
uniform  hydrogen  density.  Once  again 
we  have  demonstrated  that  modest  veloc- 
ity perturbations  cause  large  peaks  and 
valleys  in  the  Doppler  profiles. 


Fig.  15.  Predicted  profiles  for  "realistic"  rotation  curve  C.  The  solid-line  profiles  are  for  uni- 
form hydrogen  density  (of  low  opacity),  and  the  dashed-line  profiles  are  for  the  case  where  the 
total  density,  including  star  masses,  is  everywhere  adjusted  to  give  rise  to  the  velocities  of  curve 
C  as  gravitational  orbit  velocities,  and  further  assuming  a  strictly  constant  ratio  of  hydrogen  to 
total  mass. 
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We  have  made  other  simple  model 
computations  which  show  that  in  the 
absence  of  velocity  perturbations  (i.e.,  for 
a  smooth  rotation  curve)  density  con- 
centrations of  300%  to  500%  over  limited 
regions  are  required  to  give  peaks  as  large 
as  those  produced  by  3%  velocity  per- 
turbations over  the  same  regions  with 
uniform  density. 

As  a  final  illustrative  example  we  ex- 
amine the  effect  of  a  perturbation  in 
velocity  of  several  km/sec  radial  from 
the  center.  Since  this  velocity  increment 
is  added  at  right  angles  to  the  general 
rotational  velocity  of  about  250  km/sec, 
it  can  be  produced  by  a  relatively  low 
energy  event,  for  vector  addition  of  these 
velocities  changes  the  total  kinetic 
energy  by  only  a  very  small  amount. 
Figure  16  shows  a  constant  rotational 
velocity  (out  to  16  kpc)  with  a  radial 
"puff"  of  8  km/sec  superposed  at  right 
angles  to  the  250  km/sec  rotational 
velocity  for  a  small  region  near  8  kpc, 
curve  R.  This  "puff"  mimics  a  trailing 
spiral  arm  in  the  galactic  plane,  because 
portions  of  the  line  of  sight  nearer  than 
the  tangent  point  have  their  Doppler 
velocity  decreased,  while  those  beyond 
have  their   Doppler   velocity   increased, 


with  respect  to  the  sun.  The  gravitation- 
ally  appropriate  hydrogen  density  is 
shown  in  Fig.  16.  The  expected  profile  for 
curve  R  without  the  velocity  "puff"  is 
given  in  Fig.  17;  the  same  curve  is  shown 
with  the  "puff"  in  Fig.  18.  The  con- 
spicuous peaks  and  valleys  due  to  this 
very  small  added  velocity  in  the  radial 
direction  are  again  ample  warning  that 
the  conspicuous  peaks  and  valleys  in  the 
observed  profiles  should  not  be  taken  as 
evidence  for  the  existence  of  marked  neu- 
tral hydrogen  concentrations  at  specific 
locations  in  the  Galaxy. 

These  illustrations  indicate  that  to  ac- 
count for  the  large  peaks  and  valleys  in 
the  observations,  we  may  choose  from 
among  many  contributors:  large  hydro- 
gen density  contrasts  (400%) ;  or  small 
velocity  deviations  (3%),  which  may  or 
may  not  be  associated  with  small  (15%) 
density  contrasts;  or  quasi-systematic 
radial  velocity  components  (3%)  over 
regions  of  modest  extent.  More  likely,  a 
mixture  of  all  these  variations  is  present 
to  different  degrees  in  different  regions  of 
the  Galaxy. 

In  summary,  the  kinematics  of  observ- 
ing from  the  sun's  position  in  the  Galaxy 
makes     the     observed     velocity-versus- 
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Fig.  16.  Extremely  simple  velocity  curve  R,  to  illustrate  large  intensity  peaks  produced  by  a 
3%  velocity  "puff"  at  right  angles  to  the  orbital  velocity,  as  indicated. 
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intensity  profiles  very  sensitive  to  any 
quasi-systematic  motions  of  hydrogen 
clouds  which  may  be  present  for  consid- 
erable distances  along  certain  lines  of 
sight.  Quite  small  systematic  velocity 
deviations  can  give  rise  to  major  struc- 
tures in  the  velocity  profiles. 

We  think  that  features  in  the  intensity  - 
versus-velocity  profiles  might  best  be  re- 
garded simply  as  what  they  actually  are, 
namely,  indicators  of  neutral  hydrogen 
gas  (or  clouds)  over  considerable  dis- 
tances along  the  specified  lines  of  sight 
which  have  nearly  the  same  velocity  rela- 
tive to  the  sun.  Such  features  should  not 
be  regarded  as  indicators  of  conspicuous 
hydrogen  concentrations  in  specified  loca- 
tions in  galactic  space. 


Fig.    17.    Very   simple    predicted   profile    for 
rotation  curve  R. 


Fig.  18.  Very  simple  predicted  profile  for 
rotation  curve  R  with  velocity  "puff"  of  8 
km/sec  at  right  angles  to  the  orbital  velocity  of 
250  km/sec  (change  of  less  than  Vio%  in  the 
vector  velocity).  Note  the  large  peaks  and 
valleys  produced  by  the  "puff." 


We  are  grateful  to  Miss  Peggy  Aldrich 
for  major  help  in  deriving  the  Gaussian 
components  for  most  of  this  atlas. 


1.2-1.5-cm  Observations 
N .  Thonnard 

In  spite  of  the  low  aperture  efficiency 
and  uncertain  pointing  due  to  coarse 
position  indicators  of  our  Derwood  tele- 
scope, known  1.35-cm  water  line  emitters 
have  been  observed  in  W-49  and  Orion. 
Figure  19  illustrates  the  velocity  distribu- 
tion of  H20  emission  in  W-49  during 
three  observing  periods:  the  first  two 
separated  by  four  days  and  the  last  by 
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three  and  a  half  months.  It  is  interesting 
to  note  that  even  in  observations  sepa- 
rated by  only  four  days,  very  distinct 
changes  in  the  velocity  spectrum  can  be 
observed.  For  example:  at  point  A  the 
narrow  peak  on  Dec.  17  has  evolved  into 
a  broader j  more  intense  peak  on  Dec.  21 ; 
the  narrow  (<0.2  km/sec)  dip  on  Dec.  17 
at  B  has  disappeared  on  Dec.  21;  at  C 


a  single  peak  is  evolving  into  two  peaks; 
and  even  at  D  the  background  emission 
of  50 °K  is  developing  small  structure. 
Turning  to  the  April  6  observations,  one 
sees  a  very  different  picture ;  the  multiple 
peaks  have  evolved  into  a  few  single,  very 
intense  peaks,  while  the  background 
emission  has  decreased  considerably. 
More  frequent  observations  of  this  and 
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other  sources  are  planned  to  help  under- 
stand these  regions. 

A  preliminary  search  for  the  H68a 
recombination  line  has  been  unsuccessful, 
but  it  is  felt  that  the  wide  velocity  dis- 
persion in  HII  regions  would  have  made 
it  difficult  to  detect  the  line  with  our  pres- 
ent filters.  The  new  wide-band  filters 
should  improve  our  chances  of  detecting 
recombination  lines. 

Neutral  Hydrogen  Shell  Surrounding  the 
Supernova  Remnant  HB21 

G.  E.  Assousa  and  J.  W.  Erkes 

Low-resolution  observations  of  the 
neutral  hydrogen  distribution  in  the  vi- 
cinity of  the  supernova  remnant  (SNR) 
HB21  using  the  Derwood  60-foot  tele- 
scope show  rudimentary  evidence  of  a 
shell-like  structure.  The  interaction  be- 
tween the  supernova  remnant  and  the 
interstellar  medium  is  reflected  in  the 
formation  of  a  shell  whose  inner  bound- 
ary is  roughly  outlined  by  the  shock  front 
as  seen  in  the  continuum.  Because  of  the 
possible  implications  of  both  the  super- 
nova remnant  and  the  associated  neutral 
hydrogen  shell  for  the  excitation  of  the 


interstellar  medium,  we  have  completed 
a  high-resolution  survey  of  the  region 
around  SNR  HB21  using  the  21 -minute 
beam  of  the  National  Radio  Astronomy 
Observatory  140-foot  telescope.  A  6°  by 
6°  region  centered  at  (u  =  89°,  f1  = 
4.7°  was  mapped  in  %°  steps  with  a 
velocity  resolution  of  2.74  km/sec,  using 
a  1.4-GHz  radiometer  (system  tempera- 
ture 130°K)  and  a  413-channel  auto- 
correlator.  A  smaller  region  of  roughly 
2°  by  3°  was  mapped  with  a  velocity 
resolution  of  1.33  km/sec.  A  high-resolu- 
tion map  of  the  observed  antenna  tem- 
perature as  a  function  of  longitude  and 
velocity  is  shown  in  Fig.  20. 

The  thumb-like  feature  has  a  peak 
temperature  of  20°  K  at  a  local  standard 
of  rest  velocity  V  =  17  km/sec.  Distor- 
tions in  the  neutral  hydrogen  appear  at 
both  positive  and  negative  velocities 
within  a  velocity  interval  — 28  ^C  V  ^  25 
km/sec.  Longitude-versus-latitude  maps 
of  the  neutral  hydrogen  in  steps  of  55 
km/sec  were  made.  Figure  21  shows  the 
map  made  at  V  =  5  km/sec.  The  map 
includes  an  outline  of  the  continuum 
emission  as  seen  at  11  cm  (dashed  con- 
tour) .    The  hydrogen  peaks   forming   a 
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Fig.  20.   High-resolution  map  of  observed  antenna  temperature  as  a  function  of  longitude  and 
velocity. 
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Fig.  21.  Neutral  hydrogen  shell  surrounding  the  supernova  remnant  HB21. 


fragmented  shell  may  be  readily  seen  at 
this  velocity.  A  plot  of  the  maximum 
angular  extent  of  the  SNR-associated 
hydrogen  as  a  function  of  velocity  based 
on  all  maps  confirms  the  picture  of  an 
expanding  but  fragmentary  shell  with  an 
expansion  velocity  of  V  =  25  km/sec, 
centered  at  V  «=*  0  km/sec.  The  shell 
fragments  lie  roughly  within  a  sphere 
centered  at  ln  =  89.0°,  $u  =  47°  having 
a  radius  of  1.75°.  Further  details  of  this 
work  appear  in  reference  14. 

Educational  Activities 

Our  cooperative  educational  effort  with 
the  University  of  Maryland's  Depart- 
ment of  Astronomy  continued  in  full  force 
during  the  past  year.  Working  under  the 
direction  of  Dr.  W.  C  Erickson  and  our 
staff,  several  groups  of  graduate  and 
undergraduate  students  carried  out  a 
series  of  observations  of  galactic  hydro- 
gen  at  21    cm.    Three   students,   P.   E. 


Hardee,  H.  W.  Leech,  and  S.  Lundsagar, 
made  observations  through  which  they 
determined  the  differential  rotation  curve 
of  the  Galaxy.  Lundsager  later  assisted 
M.  A.  Tuve  in  a  study  of  the  structure  of 
galactic  hydrogen.  This  work  is  discussed 
separately  in  this  report.  Two  other 
graduate  students,  W.  S.  Gilmore  and 
P.  E.  Bowers,  made  observations  of  the 
H-line  absorption  spectrum  of  Sgr  A. 

Observations  of  a  local  hydrogen  cloud 
in  Ophiuchus  were  begun  by  a  group  of 
graduate  students,  R.  Becker,  K.  Brom- 
berg,  and  C.  B.  Brown.  They  mapped  this 
region  with  a  grid  of  points  separated  by 
3°  and  found  two  clouds  at  precisely  zero 
velocity  with  respect  to  the  local  standard 
of  rest.  Both  of  these  clouds  appear  to  be 
associated  with  optical  absorption.  An- 
other group,  L.  K.  Hutton,  R.  A.  Perley, 
and  R.  B.  Miller,  made  a  detailed  map  of 
one  of  these  clouds  and  hope  to  make 
a  more  precise  comparison  with  the  op- 
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tical  data.  This  continuing  project  may 
well  lead  to  valuable  scientific  results. 

Twelve  undergraduate  students  in  as- 
tronomy visited  the  Derwood  Laboratory 
to  observe  and  become  acquainted  with 
the  operation  of  our  radio  astronomy  ob- 
servatory. For  many  students  the  Der- 
wood facility  provided  the  unique  oppor- 
tunity of  direct  involvement  in  all  phases 
of  the  observational  process.  This  oppor- 
tunity is  not  available  to  them  at  larger 
observatories. 

John  Warner,  a  doctoral  candidate  in 
astronomy  at  Ohio  State  University,  com- 
pleted his  observing  program,  using  the 
image  tube  spectrograph  at  Lowell  Ob- 
servatory. His  thesis  topic,  Nuclei  of 
Galaxies,  was  picked  in  consultation  with 
Drs.  Ford  and  Rubin,  and  his  initial  ob- 
serving sessions  were  under  the  guidance 
of  Dr.  Ford  or  Dr.  Rubin. 

Jean  Goad,  a  doctoral  candidate  in  as- 
tronomy at  Harvard  University,  has 
started   an    observing   program   at   Kitt 


Peak  National  Observatory  to  map  the 
velocity  field  in  the  nuclear  bulge  of  the 
galaxy  M81.  Her  work  is  partially  under 
the  direction  of  Dr.  Rubin. 

William  Greene,  an  undergraduate  stu- 
dent at  Antioch  College,  worked  for  six 
months  with  the  Astrophysics  Section, 
measuring  spectra  and  doing  statistical 
analyses.  A  study  of  faint  blue  stars  in 
the  anticenter  region  of  the  Galaxy  by 
Dr.  Rubin  and  John  Losee,  an  Antioch 
College  student  who  worked  last  year  at 
DTM,  has  been  published  in  the  Astro- 
nomical Journal. 

SOUTHERN  HEMISPHERE  ACTIVITIES 

Wide-Band  Hydrogen  Observations 

G.  E.  Assousa,  N.  Thonnard,  and  K.  C.  Turner 

Two  major  attempts  were  made  this 
year  to  push  the  sensitivity  of  our  South 
American  equipment  to  the  limit.  The 
first,  and  most  successful,  was  a  program 
of  investigation  of  neutral  hydrogen  as- 
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Fig.  22.   Velocity  profiles  of  three  southern  hemisphere  galaxies. 
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sociated  with  a  series  of  fairly  nearby 
southern  galaxies:  NGC  55,  253,  300, 
1313,  2835,  2997,  3109,  3621,  4038,  4945, 
5253,  6744,  and  A2359.  Despite  severe 
baseline  problems  arising  from  much 
wider  than  usual  bandwidth  of  the  ob- 
servations, neutral  hydrogen  was  detected 
in  NGC  55,  300,  1313,  3621,  4945,  6744, 
and  A2359.  Figure  22  illustrates  the  ve- 
locity profiles  of  three  of  these  galaxies. 
Notice  that  in  NGC  4945,  hydrogen  ap- 
pears in  absorption  (at  the  extragalactic 
velocity  of  —258  km/sec)  against  the 
continuum  background  of  the  galaxy. 
Some  stability  was  achieved  by  the  ON- 
OFF  observing  procedure,  subtracting 
the  OFF  object  profiles  directly  in  our 
digital  integrator.  In  spite  of  this  tech- 
nique, stability  difficulties  remained 
severe,  and  several  receiver  problems  re- 
main to  be  solved. 

The  second  project  was  a  survey  of 
high-velocity  hydrogen  visible  only  from 
the  southern  hemisphere,  a  badly  needed 
investigation.  Here,  unfortunately,  the 
combination  of  distorted  baseline  and  re- 
ceiver instability  proved  insurmountable, 
since,  given  the  large  size  and  unknown 
positions  of  the  objects  searched  for,  no 
simple  ON-OFF  technique  was  possible. 
Improvements  in  receiver  stability  and 
baseline  curvature  currently  under  way 
should  allow  us  to  undertake  this  impor- 
tant survey  successfully. 

Continuum  Observations 
R.  B.  Partridge  and  K.  C.  Turner 

In  collaboration  with  Professor  R.  B. 
Partridge  of  Haverford  College,  two 
patrols  of  the  galactic  center  were  con- 
ducted, searching  for  possible  electro- 
magnetic "splashes"  associated  with  the 
gravitational  events  observed  by  J. 
AVeber.  The  first,  and  more  extensive, 
utilized  an  11-cm  receiver  and  2-meter 
telescope  at  the  Instituto  Argentino  de 
Radioastronomia,  and  a  3-cm  receiver  and 
1.5-meter  instrument  at  Haverford. 

The  second,  more  sensitive  investiga- 
tion utilized  the  Carnegie-Argentine  100- 


foot  telescope  at  Pereyra  and  was  made 
in  collaboration  with  G.  Wrixon  of  the 
Bell  Telephone  Laboratories,  who  used 
their  large  horn  antenna  at  Holmdel, 
N.  J.  Both  instruments  were  operated  at 
21-cm  wavelength,  and  the  total  power 
detected  signal  was  recorded  on  magnetic 
tape  for  a  detailed  study  of  possible  co- 
incident arrivals.  The  data  for  both  of 
these  experiments  are  now  being  ana- 
lyzed. 

Instituto  Argentino  de  Radioastronomia 
Activities 

E.  Bajaja,  R.  Colomb,  E.  Filloy,  R.  Dugatkin, 

S.    Garzoli,   D.   Goniadzki,   I.   Mirabel,   R. 

Quiroga,  W .  G.  L.  Poppel,  and 

K.  C.  Turner 

This  organization,  founded  to  utilize 
the  100-foot  radiotelescope  and  receivers 
provided  by  the  Carnegie  Institution, 
continued  during  the  year  under  the  tem- 
porary direction  of  Dr.  K.  C.  Turner  of 
our  Department.  As  in  the  past,  the 
major  emphasis  has  remained  on  studies 
of  galactic  hydrogen  distribution. 

E.  Bajaja  and  S.  Garzoli  have  com- 
pleted observations  of  ten  southern  HII 
regions,  to  study  possible  correlation  with 
HI  distribution  peculiarities. 

W.  Poppel,  working  with  E.  R.  Vieira 
of  the  Instituto  de  Fisica  of  the  Uni- 
versidade  Federal  do  Rio  Grande  do  Sul 
(Brazil),  has  completed  observations  on 
an  extensive  survey  of  the  region  240°  sC 
Cu  <  12°,  3°  <  f1  <  17°. 

I.  Mirabel  has  discovered  a  large 
anomalous  velocity  cloud  in  the  zone 
350°  ^  fu  <  360°,  —6°  >  Su  ^  —20°.  Al- 
though study  of  this  object  is  continuing, 
its  shape  and  position  suggest  the  possi- 
bility that  it  has  been  ejected  from  the 
galactic  center. 

E.  Bajaja  and  R.  Colomb  have  com- 
pleted all  observations  for  their  studies  of 
the  regions  between  220°  <  (ll  ^300°, 
—30°  ^  f1  ^  — 11°,  and  in  the  south 
celestial  polar  zone.    These  surveys  are 
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now  in  the  final  stages  of  preparation  for 
publication. 

R.  Colomb  and  D.  Goniadzki  (of  the 
Universidad  de  Buenos  Aires)  have  begun 
a  program  of  studies  of  the  interstellar 
medium.  Their  initial  work  will  empha- 
size observations  of  large  southern  hemi- 
sphere supernovae  remnants. 

R.  Quiroga  has  extended  his  study  of 
corrugations  of  the  galactic  plane  through 
analysis  of  northern  hemisphere  observa- 
tions. 

Three  beginning  graduate  students  of 
the  Universidad  de  Buenos  Aires  have 
begun  small  investigations  at  the  Insti- 
tute. M.  Gil  is  studying  supernovae  rem- 
nants under  the  supervision  of  R.  Colomb. 
H.  Pena  is  observing  neutral  hydrogen  in 
the  region  of  Sansici's  cloud,  and  M. 
Gordon  is  investigating  the  correlation 
between  dust  and  HI  under  the  super- 
vision of  S.  Garzoli. 

E.  Bajaja  has  been  awarded  a  traveling 
fellowship  of  the  Consejo  Nacional  de 
Investigaciones  Cientificas  y  Tecnicas  for 
radio  astronomical  investigations  at  the 
Dwingeloo  Observatory  in  the  Nether- 
lands. He  is  currently  engaged  in  the 
study  of  galaxies  with  the  use  of  the 
large  Westerbork  array. 

Equipment  development.  Four  broad- 
band parametric  amplifiers  for  use  be- 
tween 900  MHz  and  1500  MHz,  donated 
to  the  Institute  by  S.  Colgate  of  the  New 
Mexico  Institute  of  Mining  and  Tech- 
nology, have  been  received  and  are  un- 
dergoing preliminary  tests  prior  to  instal- 
lation. It  is  expected  that  these  will 
markedly  improve  the  stability  of  our 
21 -cm  receiver. 

A  solid-state  data  acquisition  system 
and  crystal  sidereal  clock  have  been  de- 
veloped during  the  past  year  and  are 
nearly  ready  for  installation. 

The  second  30-m  paraboloid  has  been 
completed,  and  construction  is  proceeding 
on  the  final  portion  of  its  mount.  We 
anticipate  completion  of  this  instrument 
before  1973. 


Six  students  in  the  final  year  of  tele- 
communication engineering  at  the  Uni- 
versity of  La  Plata  are  enrolled  in  a 
design  practice  program  at  the  Institute. 
Current  topics  are  in  the  fields  of  micro- 
wave components,  electrometers,  and  reg- 
ulated current  power  supplies. 

A  natural  catastrophe.  On  the  night 
of  Sunday,  March  5,  1972,  a  severe  hail 
storm  occurred  in  the  vicinity  of  Villa 
Elisa  and  Parque  Pereyra  Iraola,  site  of 
the  Argentine-Carnegie  radio  astronomy 
installation.  Hail  stones  of  up  to  two 
inches  weighing  up  to  half  a  pound 
were  reported.  In  addition  to  destroying 
the  roofs  of  four  buildings  of  the  Institute 
and  about  a  third  of  the  windows,  the 
storm  severely  damaged  the  100-foot 
radiotelescope.  After  drying  out,  the 
electronics  were  found  to  be  undamaged, 
but  the  100-foot  radiotelescope  surface 
is  a  total  loss.  In  addition  to  numerous 
perforations,  the  surface  suffered  severe 
distortions  of  up  to  20  cm.  Fortunately, 
the  second  telescope  suffered  no  visible 
damage  to  its  surface,  which  is  of  galvan- 
ized steel  mesh,  in  contrast  to  the  ex- 
panded aluminum  of  the  original  dish. 
Material  has  been  ordered  to  replace  the 
damaged  surface,  and  we  hope  to  be  op- 
erational within  a  few  months.  The  new 
surface  will  be  of  steel  mesh  in  the  outer 
portions  and  heavy  solid  aluminum  in  the 
inner  10  meters.  The  refurbished  tele- 
scope should  be  good  to  a  wavelength 
limit  of  6  cm,  an  improvement  on  the 
original. 

Atomic  Physics 

G.  E.  Assousa,  L.  Brown,  W.  K.  Ford,  Jr., 
and  C.  K.  Kumar 

Lifetimes  of  States  in  Neutral  and 
Singly  Ionized  Iron 

G.  E.  Assousa  and  W.  H.  Smith 

The  determination  of  reliable  oscillator 
strengths  for  neutral  and  singly  ionized 
iron  has  been  the  subject  of  a  great  deal 
of  study  in  recent  years.  As  yet,  only  one 
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reliable  absolute  oscillator  strength  for 
Fel  resonance  transitions  for  371.9  nm 
has  been  measured ;  none  has  been  meas- 
ured for  the  Fell  transitions.  It  is  impor- 
tant for  the  determination  of  the  abun- 
dance of  Fe  in  astrophysical  sources  that 
Fell  oscillator  strengths  be  obtained.  In 
this  manner,  the  large  corrections  for  the 
ionization  state  of  the  interstellar  me- 
dium can  be  avoided.  The  addition  of  a 
few  accurately  measured  radiative  life- 
times for  suitable  transitions  allows  the 
placing  of  the  very  large  number  of  rela- 
tive oscillator  strength  measurements 
onto  an  absolute  scale,  assuming  the  re- 
quired branching  ratios  are  available. 

We  have  therefore  undertaken  to  make 
lifetime  measurements  for  the  allowed 
resonance  transitions  of  Fel  and  Fell 
lying  in  the  region  between  230.0  nm  and 
305.0  nm.  These  are  the  transitions  which 
can  be  observed  in  absorption  from  rocket 
and  satellite  mounted  spectrographs  and 
which  lie  in  wavelength  regions  of  the 
spectrum  that  are  less  subject  to  prob- 
lems of  identification  and  crowding  by 
other  spectral  features  that  normally 
occur  at  shorter  wavelengths. 

The  electron-beam,  phase-shift  appa- 
ratus at  Princeton  University  15  was  used 
to  measure  lifetimes  of  atomic  levels  in 
the  neutral  and  singly  ionized  species  of 
iron.  The  technique  15' 16  involves  the  use 
of  a  current-modulated  beam  of  electrons 
of  fixed  energy,  in  this  case  220  eV.  The 
lifetime  t  of  a  cascade  free  state  is  given 
by  the  simple  relationship  wt  =  tan  <f>, 
where  w  is  the  modulation  frequency 
(0.54  to  30.4  MHz)  and  <f>  is  the  phase 
difference,  or  phase  shift,  between  the 
impressed  excitation  current  and  the  de- 
tected light  output.  Because  of  the  pres- 
ence of  the  intense  molecular  CO  IV  posi- 
tive band  following  the  dissociation,  the 
source  material,  Fe(CO)5,  the  Fel  and  II 
spectra  could  not  be  studied  for  wave- 
lengths shorter  than  230.0  nm. 

All  studied  transitions  were  observed 
with  a  resolution  of  better  than  0.1  nm. 
The  lifetime  results  are  listed  in  Table  1. 


Table  1  also  lists  assumed  branching 
ratios  based  on  references  17,  18,  and  19 
and  the  absolute  oscillator  strengths  fabs. 
for  each  multiplet.  Detailed  analysis  of 
these  results  appears  in  reference  20. 

Spectrum  and  Lifetimes  of  Rubidium 

G.  E.  Assousa,  L.  Brown,  W.  K.  Ford,  Jr., 
and  C.  K.  Kumar 

In  a  continuing  program  to  measure 
the  lifetimes  of  atomic  levels  for  the 
alkali  elements,  we  have  obtained  the 
beam-foil  spectrum  of  rubidium  at  a 
beam  energy  of  600  keV.    The  spectrum 


TABLE  2.   Beam-Foil  Spectral  Lines  and 
Lifetimes  of  Rb  II. 


Upper  Level 

Wavelength 

Lifetime 

Energy  (cm-1) 

(nm) 

(nsec) 

186011 

343.4 
366.3 

185623 

346.2 
364.0 

187340 

349.3 
382.5 

3.1  ±0.5 

185132 

352.1 
354.1 

3.4  ±  0.5 

184205 

364.0 
383.8 

180173 

454.1 

179740 

392.7 
437.7 
475.5 

167637 

370.0 
413.6 

165095 

380.2 
453.0 
408.4 
462.2 

164973 

353.2 

410.4 

6.8  ±  1.0 

464.9 

7.6  ±  1.1 

163929 

344.1 
397.8 
428.8 
478.3 

161205 

379.7 

158717 

394.1 
419.3 

158157 

429.4 

156901 

424.5 

6.9  ±  1.0 

156742 

427.3 

6.6  ±  0.9 

457.2 

8.3  ±  1.2 

154279 

477.6 

8.3  ±  1.2 
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between  330  nm  and  680  nm  was  recorded 
using  the  Carnegie  image  tube  spectro- 
graph at  dispersions  of  1-2  nm/mm.  Of 
the  41  lines  detected  in  the  wavelength 
range  AA330-500  nm,  34  were  attributed 
to  Rb  II.  Lifetimes  of  six  levels  in  Rb  II 
were  measured  using  strong  and  un- 
blended lines.  Identified  transitions  and 
measured  lifetimes  are  given  in  Table  2. 
These  data  represent  the  first  reported 
lifetime  measurement  for  this  heavy  ion. 
There  are  no  other  published  results, 
either  experimental  or  theoretical,  on  the 
lifetimes  of  the  relevant  levels  of  Rb  II 
with  which  to  compare  our  results. 


Nuclear  Physics 

Beryllium-8 

L.  Brown,  L.  G.  Arnold,  R.  G.  Seyler, 
E.  Steiner,  and  T.  I.  Bonner 

The  phase-shift  analysis  of  7Li(p,p) 
7Li,  the  first  results  of  which  were  de- 
scribed in  the  preceding  Year  Book,  has 
developed  in  a  manner  that  both  sur- 
prises and  delights  us.  The  analysis  is 
complete  for  the  data  at  hand,  is  rich  in 
information  concerning  the  structure  of 
8Be,  and  has  lived  up  to  our  hopes  as  a 
means  of  extracting  simple  ideas  from 
complicated  data.  In  this  structure  is 
something  most  unusual:  an  S-state 
located  near  enough  to  the  neutron  thresh- 
old so  that  its  characteristics  are  com- 
pletely distorted,  with  the  result  that  pre- 
vious investigators  have  been  much 
perplexed  by  its  paradoxical  nature,  and 
this  in  spite  of  the  existence  of  a  rather 
substantial  amount  of  theoretical  studies 
on  threshold  states.  Our  work  has  com- 
pletely removed  the  confusion.  The 
analysis  has  also  determined  the  amount 
of  channel  spin  mixing  for  two  1+  states. 
The  mixing  for  one  of  the  two  has  been 
known  for  many  years  as  a  result  of  other 
kinds  of  experiments.  We  find  that  both 
states  have  the  same  value,  and  our  re- 
sults agree  with  previous  work. 


Another  part  of  the  analysis  has  dis- 
closed the  coupling  of  two  overlapping 
3+  states  through  the  iso-spin  term  of  the 
nuclear  potential.  Other  examples  of  such 
coupling  can  be  found  in  nuclear  physics, 
even  in  8Be,  but  the  phase  shifts  that  de- 
scribe the  two  3+  states  appear  to  offer  a 
much  more  sensitive  way  of  studying  the 
effects  than  has  been  heretofore  available. 
The  interpretation  of  this  last  part  of  our 
work  is  incomplete  and  will  require  more 
study  before  all  of  its  consequences  are 
apparent. 

The  structure  of  8Be  in  the  region  of 
interest  to  our  work  is  given  in  Fig.  23; 
reference  to  it  will  be  made  in  what  fol- 
lows by  giving  the  excitation  energy,  Ex, 
of  the  state  referred  to.  All  of  our  conclu- 
sions drawn  about  the  structure  of  8Be 
originate  in  the  phase  shifts,  which  are 
the  natural  set  of  parameters  for  describ- 
ing elastic  scattering.    The  phase  shifts 
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Fig.  23.  Limited  energy  level  diagram  of  8Be. 
Not  shown  are  the  2+  state  at  2.9  MeV  (excita- 
tion energy)  and  the  4+  at  11.4  MeV.  Broad  0+ 
states  have  recently  been  added  at  19.7  and  21.8 
MeV  to  account  for  polarization  measurements 
of  7Li(p,a)4He. 
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are  designated  in  L-S  notation  and  corre- 
spond to  Jn  values  given  on  the  energy 
level  diagram.  The  value  of  J  is  the  sub- 
script of  the  phase  designation,  and  the 
value  of  7T  is  negative  for  S-waves  and 
positive  for  P-waves. 

A  striking  and  completely  unexpected 
behavior  of  the  5S2-phase  from  the  very 
beginning  of  the  analysis  was  the  cusp 
that  it  formed  at  the  neutron  threshold  at 
1.88  MeV  proton  lab  energy  (18.90  MeV 
excitation  energy).  In  1957  a  group  of 
investigators  led  by  Newson  21  at  Duke 
University  proposed  a  T  state  (i.e.,  a 
5S2-state)  near  the  threshold  based  on 
their  observations  of  the  neutron  yield  of 
the  reaction  7Li(p,n)  7Be.  This  state 
seemed  to  require  a  very  large  experi- 
mental width,  of  the  order  of  1  MeV.  In 
the  last  few  years  Sweeney  and  Marion  22 
at  the  University  of  Maryland  observed 
the  threshold  state  through  the  reaction 
7Li(p,y)  8Be*  (16.63  and  16.90  MeV)  -» 
2a;  their  data  gave  compelling  evidence 
that  there  is  a  state  near  the  threshold 
but  with  a  width  of  0.1  MeV,  in  complete 
disagreement  with  the  neutron  data.  At 
about  the  same  time,  McVoy  and  Goe- 
bel 23  wrote  a  series  of  three  papers  on  the 
theoretical  properties  of  threshold  states. 
Although  the  threshold  state  in  8Be  is 
probably  unique  and  is  certainly  well 
known  in  physics,  no  one  attempted  to 
apply  Goebel  and  McVoy's  theory  be- 
cause it  required  phase  shifts  as  input 
data.  Once  we  had  determined  the  phase 
shifts  for  the  elastic  scattering  in  the 
vicinity  of  the  threshold,  it  was  a  simple 
matter  to  determine  from  their  theory  the 
location  and  width  of  the  state;  when 
these  two  parameters  are  known,  the 
theory  allows  one  to  predict  the  cross 
section  for  neutron  production.  This  lat- 
ter calculation  removed  the  contradiction 
between  the  y-ray  work  and  the  neutron 
work  because  it  gave  a  neutron  yield  that 
appeared  very  wide  even  though  the 
width  of  the  state  is  only  0.1  MeV.  The 
presence  of  the  threshold  distorts  the 
state  when  it  is   observed  through  the 


neutron  channel.  The  results  arise  in  a 
straightforward  manner  and  there  is  no 
contradiction,  no  paradox.  Figure  24 
shows,  among  other  things,  the  match  of 
theory  to  the  experimental  values  of  the 
neutron  cross  section.  There  is  a  slight 
complication  owing  to  the  3+  state  at 
19.22  MeV,  but  it  is  easily  subtracted  out, 
as  is  explained  in  the  legend  of  the  figure. 

The  two  states  at  17.64  and  18.15  MeV 
have  carried  the  spin-parity  assignment 
of  1+  for  almost  20  years.  The  lower  state, 
incidentally,  was  discovered  in  1935  simul- 
taneously at  DTM  and  at  Cal  Tech  and 
is  one  of  the  first  charged  particle  reson- 
ances ever  observed.  If  the  nuclear  force 
couples  the  spins  of  the  target  nucleus 
and  the  incident  proton  into  a  system  that 
then  interacts  with  the  orbital  angular 
momentum,  as  is  often  the  case  in  atomic 
physics  (whence  came  the  commonly  used 
designation  of  phases) ,  the  1+  resonances 
could  be  described  by  either  the  5PX  or 
3Pi  phase  alone.  This  coupling  system 
does  not  apply,  however,  and  one  must 
include  mixing  between  the  two  spin  con- 
figurations. We  have  determined  the  mix- 
ing parameter  to  be  about  30°  for  both 
states,  which  infers  that  the  quintuplet 
configuration  has  a  population  three 
times  greater  than  the  triplet.  Observa- 
tion of  7Li(p,y)  8Be*  by  others  gave 
about  the  same  mixing  for  the  17.64-MeV 
state  but  did  not  give  any  information 
concerning  the  18.15-MeV  state  or  the 
sign  of  the  mixing,  which  our  polarization 
measurements  establish.  Such  mixing 
originates  from  a  tensor  component  of 
the  nuclear  force,  the  exact  nature  of 
which  has  yet  to  be  determined. 

Early  in  the  analysis  we  determined 
the  spin  and  parity  of  the  state  at  19.05 
MeV  to  be  3+,  and  all  subsequent  manipu- 
lations of  the  phases,  primarily  the  result 
of  altering  their  imaginary  components  as 
our  understanding  of  the  threshold  state 
developed,  yielded  the  same  assignment. 
The  much  older  assignment  of  3+  to  the 
19.22  MeV  rested  on  a  firm  basis  and  our 
phases  agreed,  at  least  to  the  extent  that 
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Fig.  24.  Total  cross  sections  for  reactions  that  are  considered  in  the  analysis.  The  (p,a)  and 
(p,p')  cross  sections  are  shown  with  the  phase  to  which  they  are  assigned,  data  and  calculated 
values  being  the  same.  The  measured  neutron  cross-section  data 24  are  shown  as  open  circles. 
The  theoretical  value  of  the  2"  threshold  state  is  shown  as  a  solid  curve  initially,  changing 
later  to  a  dashed  curve,  and  the  part  attributed  to  the  3*  as  a  solid  curve.  One  sees  that  the  2' 
state  appears  to  be  very  broad,  certainly  not  0.1  MeV  wide,  if  observed  through  7Li(p,n)'Be. 


the  data  responded  primarily  to  the  5P3- 
phase.  Since  phase  shifts  are  additive 
and  the  two  states  are  separated  by  an 
amount  about  equal  to  their  experimental 
widths,  we  expected  a  change  of  phase  of 
about  360°.  Instead  of  this,  we  got  an 
anomalous  function  of  energy.  All  of  our 
efforts  to  make  the  5P3-phase  conform  to 
our  preconceived  notions  failed.  Prelimi- 
nary calculations  indicate  that  the  curi- 
ous behavior  of  the  5P3-phase  near  these 
two  3+  states  results  from  the  mixing  of 
the  two  through  the  iso-spin  term  of  the 
nuclear  potential,  i.e.,  the  portion  of  the 
nuclear  force  that  distinguishes  protons 
from  neutrons.  This  has  been  observed 
with  other  techniques  in  the  two  2+  states 


near  16  MeV,  which  are  separated  by 
about  three  widths.  There  is  little  evi- 
dence for  such  mixing  in  the  pair  of  1+ 
states  at  17.64  and  18.15  MeV,  almost 
certainly  because  they  are  so  far  apart 
relative  to  their  widths.  The  two  3+  states 
are  near  one  another,  so  strong  effects 
should  be  expected.  The  phase  shifts  offer 
a  unique  way  of  observing  this  important 
phenomenon,  much  as  they  did  for  the 
threshold  state.  We  must  defer  until  next 
year,  however,  the  results  of  detailed  cal- 
culations. It  would  appear  at  the  moment 
that  a  study  of  7Li(p,n)7Be  induced  with 
polarized  protons  may  confirm  the  effect, 
so  we  are  considering  performing  such  an 
experiment. 
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Boron-10 
U.  Rohrer  and  L.  Brown 

Two  other  isotopes  besides  7Li  have 
ground-state  spins  of  3/2  and  are  thus 
suitable  to  the  phase-shift  analysis  we 
have  developed:  beryllium-9,  which 
forms  the  compound  nucleus  boron-10  on 
bombardment  with  protons;  and  boron- 
11,  which  forms  carbon-12.  We  have 
completed  the  measurements  of  polariza- 
tion effects  in  the  interaction  9Be(p,p) 
9Be  with  a  record  amount  of  data.  In  one 
energy  region  there  is  very  little  reliable 
cross-section  data,  and  we  must  gain 
nearly  all  of  our  knowledge  of  the  phases 


from  polarization  measurements.  This 
region,  from  1.9  to  3.2  MeV  proton  en- 
ergy, seems  to  be  relatively  simple  except 
for  one  puzzling  matter.  Only  two  levels 
are  reported  there  and  they  are  degener- 
ate in  energy!  That  is,  the  measured  en- 
ergy of  both  states  is  the  same  within 
experimental  accuracy.  We  are  looking 
forward  to  the  results  of  a  phase-shift 
analysis  with  great  expectation  and  hope 
that  an  occurrence  will  hold  something 
beyond  routine  interest.  The  energy  re- 
gion below  1.9  MeV,  where  there  is  an 
abundance  of  cross-section  data,  is  much 
more  complicated  and  can  perhaps  be 
clarified  with  our  work. 


BIOPHYSICS 

E.  T.  Bolton,  T.  I.  Bonner,  R.  J.  Britten,  D.  B.  Cowie,  B.  H.  Hoyer,  D.  E.  Kohne, 
N.  J.  Rice,  R.  B.  Roberts,  and  N.  A.  Straus 


Introduction 

The  research  activities  of  the  Bio- 
physics Section  continue  to  center  around 
studies  of  various  nucleic  acids.  Evolu- 
tionary processes,  genetic  interrelation- 
ships, and  the  characterization  of 
specific  DNA  components  have  been  in- 
vestigated by  examining  the  reaction 
products  formed  by  DNA-DNA  inter- 
actions. The  DNA  studies  reported  here 
cover  a  broad  spectrum  of  organisms 
ranging  from  man  and  other  primates  to 
blue-green  algae. 

Nevertheless,  with  changing  chal- 
lenges and  opportunities  the  biological 
interests  of  the  group  tend  to  change. 
Roberts,  for  example,  has  branched  off 
into  studies  of  learning  and  memory.  In 
collaboration  with  the  Flexners,  a  study  of 
the  involvement  of  the  norepinephrine 
system  in  memory  formation  was  re- 
cently initiated.  A  novel,  simple,  and 
reliable  technique  was  developed  for 
memory  testing  to  replace  the  "shuttle- 
box"  method  which  had  been  found  to 
be  tedious  and  whose  results  on  rigorous 
testing  could  not  be  reliably  predicted 
from  performance  observed  during  train- 
ing. 


A  program,  in  collaboration  with 
Georges  N.  Cohen  and  Paolo  Truffa- 
Bachi  of  the  Institut  Pasteur  in  Paris, 
France,  was  catalyzed  to  study  im- 
munologically the  quaternary  structure 
of  a  Afunctional,  allosteric  enzyme, 
asparto-kinase  I-homoserine  dehydroge- 
nase I  (AKI-HSDI).  Antibody  columns, 
specific  for  this  protein,  were  used  to 
analyze  and  study  various  configurations 
and  states  of  the  enzyme.  It  was  dis- 
covered that  molecular  sieve-type  col- 
umns of  coupled,  active  antibodies 
having  extreme  selectivity  could  be  fab- 
ricated and  used  to  produce  hybrids  of 
subunits  of  wild  type  and  mutant 
enzymes. 

Large  variations  of  genome  sizes 
within  a  taxonomic  group  having  the 
same  chromosomal  number  have  been 
postulated  to  occur  as  the  result  of 
polynemy  ("many  threads").  The  beans 
Vicia  faba  and  Vicia  sativa  have  the 
same  chromosomal  number,  eight,  yet 
differ  by  a  factor  of  5  in  the  DNA  con- 
tent per  nucleus.  DNA  reassociation 
data  obtained  by  Straus  showed  that  the 
average  renaturation  rate  of  V.  faba  is 
faster  than  V.  sativa.    This  result  indi- 
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cates  that  if  the  genomes  of  the  two 
beans  developed  from  a  common  par- 
ental genome,  some  sequences  were  mul- 
tiplied faster  on  one  DNA  than  the 
other,  a  result  not  compatible  with  the 
polynemic  hypothesis.  Hybridization 
studies  showed  that  about  20%  of  the 
repeated  fraction  of  each  is  related  to 
the  other.  Thus,  there  have  been  a  num- 
ber of  evolutionary  events  which  have 
added  different  and  new  repeated  se- 
quences to  the  beans  during  their  evolu- 
tion and  divergence. 

Man,  chimpanzee,  gorilla,  and  orang- 
utan are  generally  considered  to  reside 
in  a  taxonomic  grouping  referred  to  as 
"higher  primates."  The  gibbon  and 
African  monkeys  are  not  included  in  this 
grouping.  Hoyer  investigated  the  DNA 
of  these  primates,  measuring  homologies 
existing  among  their  unique  DNA  se- 
quences, i.e.,  those  which  occur  singly  or 
highly  infrequently  in  the  primate 
genome.  The  conclusion  was  reached 
that  the  orangutan  should  be  removed 
from  the  "status"  of  a  higher  primate. 
Both  the  gibbon  and  orangutan  DNAs 
showed  a  more  distant  relationship  to 
human  DNA  as  well  as  to  gorilla  and 
chimpanzee  DNAs  than  heretofore  sus- 
pected from  anthropological  and  be- 
havioral studies. 

One  quantitative  measure  of  species 
relatedness  depends  upon  the  comparison 
of  single-copy  DNA  sequences  among 
the  organisms  of  interest.  Reassociation 
tests  with  the  DNAs  of  distantly  related 
species,  however,  often  results  in  the  pro- 
duction of  hybrid  duplexes  so  thermally 
unstable  that  their  detection  presents 
technical  difficulties.  The  formation  of 
low  stability  duplexes  during  reassocia- 
tion can  be  facilitated  by  varying  incu- 
bation conditions. 

Rice  and  Paul  studied  the  effects  of 
variations  of  temperature  and  ionic 
strength  of  incubation  mixtures  with  the 
aim  of  optimizing  hybrid  formation  and 
facilitating  detection.  The  results  ob- 
tained   provided    information   useful   in 


increasing  the  range  and  effectiveness  of 
DNA-DNA  hybridization  techniques. 

Rice  and  Straus  have  continued  in- 
vestigations of  nucleotide  sequences 
found  among  the  rodents.  Mouse  satel- 
lite DNA  {Mus  musculus)  was  used  to 
test  for  satellite-related  sequences  in  the 
Chinese  hamster  and  the  rat.  No  such 
sequences  were  found.  The  DNA  of 
other  mice,  e.g.,  Mus  caroli  and  Mus 
cervicolor,  reacts  to  a  low  degree  with 
the  satellite  DNA.  At  this  time  the  re- 
sults indicate  that  among  the  mice 
studied  most  DNA  sequences  are  related 
to  some  extent  to  the  others,  differing 
from  the  conclusion  gained  from  compar- 
ing mouse  DNA  with  more  distantly 
related  DNAs  (hamsters  and  the  rat). 

Britten,  Graham,  and  Henerey  col- 
laborated in  a  program  at  the  California 
Institute  of  Technology  during  Britten's 
present  leave  of  absence  to  study  the 
arrangement  of  the  repeated  and  single- 
copy  nucleotide  sequences  in  the  sea 
urchin  genome.  The  measurement  of  the 
rates  of  reassociation  of  the  total  sea 
urchin  DNA  indicates  a  number  of  com- 
ponents having  rates  varying  from  that 
characteristic  of  single-copy  sequences 
to  rates  5000  times  faster.  Separation  of 
these  components  was  achieved  by  re- 
peated incubation  and  reassociation  steps 
for  various  times.  Studies  of  the  charac- 
teristics of  separated  fractions  strongly 
infer  interspersion  of  single-copy  and 
repeated-sequence  DNA. 

Another  collaborative  study,  which 
investigated  interspersion  of  repeated  se- 
quences in  Xenopus  DNA,  was  carried 
out  at  the  California  Institute  of  Tech- 
nology. The  results  obtained  showed 
that  a  significant  portion  of  nonrepeti- 
tive  DNA  of  this  organism  is  inter- 
spersed with  short,  repetitive  elements 
containing  several  hundred  nucleotides 
or  less. 

The  investigation  of  genetic  material 
held  in  common  among  blue-green  algae 
was  studied  in  the  hope  that  these  or- 
ganisms would  serve  as  an  experimental 
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system  bridging  the  apparent  discontinu- 
ity between  prokaryotic  and  eukaryotic 
types  of  cells.  Homologous  and  heterolo- 
gous DNA-DNA  reactions  were  studied 
by  Kelly  and  Cowie  using  seven  strains 
of  blue-green  algae.  Elution  profiles  ob- 
tained by  thermal  chromatography  of 
the  reaction  products  of  these  DNA- 
DNA  reactions  indicate  that  many  of 
the  relationships  were  in  accord  with 
other  classifications  based  on  morpho- 
logical and  biochemical  observations. 
However,  some  notable  exceptions  were 
observed.  Obviously,  there  is  need  for 
further  study  and  classification  revision. 

Memory  Formation  in  Mice 
R.  B.  Roberts 

Studies  of  brain  function  focused 
mainly  on  the  effects  of  drugs  on  the 
formation  and  expression  of  long-term 
memory  in  mice.  These  were  carried  out 
both  in  this  laboratory  and  in  collabora- 
tion with  Drs.  L.  B.  and  J.  B.  Flexner  at 
the  University  of  Pennsylvania.  In  ad- 
dition, some  computer  simulations  were 
run  to  test  various  ideas  of  how  the  brain 
might  operate  in  more  complex  situa- 
tions. 

Experiments  in  the  past  few  years 
have  indicated  that  the  adrenergic  sys- 
tem may  be  involved  both  in  the  forma- 
tion and  in  the  expression  of  memory. 
In  addition,  hormones  such  as  vaso- 
pressin and  ACTH  may  have  some  role 
in  the  process.  However,  the  hypothesis 
that  protein  synthesis  is  required  re- 
mains to  be  demonstrated.  Drugs  such 
as  puromycin  and  cycloheximide  which 
inhibit  protein  synthesis  can  interfere 
with  the  expression  of  memory,  but 
these  effects  can  be  counteracted  by 
drugs  that  activate  the  adrenergic  sys- 
tem. Thus,  it  seems  reasonable  to  at- 
tribute their  memory-blocking  action  to 
unforeseen  effects  on  the  adrenergic 
system.  The  possibility  remains,  how- 
ever, that  the  inhibition  of  protein  syn- 
thesis is  too  brief  to  show  any  effect  on 
memory. 
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Mice  were  trained  to  avoid  shock  in  a 
shuttlebox  by  running  to  the  other  side 
at  the  sound  of  a  tone.  These  mice  were 
then  given  four  days  of  treatment  with 
drugs  commonly  used  as  immunosup- 
pressants (chloramphenicol,  6-mercap- 
topurine,  cortisone,  or  azathioprine). 
No  effect  on  their  memory  was  observed 
when  these  mice  were  tested  a  week  later. 
Again,  it  is  possible  either  that  protein 
synthesis  has  no  role  in  memory  for- 
mation or  that  the  degree  of  inhibi- 
tion achieved  was  insufficient.  In  con- 
trast, a  large  dose  of  ACTH  (which 
contains  vasopressin  as  a  contaminant) 
injected  intraperitoneally  immediately 
after  training  caused  a  significant  im- 
provement in  performance. 

In  our  experience  the  shuttlebox  is 
not  a  satisfactory  device  for  memory 
testing.  Training  and  testing  are  tedious 
and  the  results  on  testing  cannot  be  re- 
liably predicted  from  the  performance 
during  training.  After  considerable  ex- 
ploratory work  with  mazes  and  other 
devices  which  seemed  equally  unsatis- 
factory, a  quite  different  technique  was 
tested  and  it  seems  to  have  considerable 
promise.  This  is  based  on  the  aversion 
to  sugar  which  develops  when  mice  are 
made  sick  after  their  first  taste  of  sugar. 

In  this  procedure  mice  are  deprived  of 
water  for  24  hours  and  then  given  water 
containing  10%  sucrose  for  an  hour.  On 
testing  1—21  days  later,  the  mice  are 
given  access  to  two  bottles,  one  with 
plain  water  and  the  other  with  sugar- 
water.  In  this  situation  about  90%  of 
the  mice  will  show  a  marked  preference 
for  the  sugar-water,  drinking  up  to  20  ml 
during  a  24-hour  test  period  and  only 
y<2,  nil  or  less  of  the  plain  water.  If 
however,  the  mice  are  made  sick  by  an 
injection  of  LiCl  (1%  of  body  weight, 
0.75  M  LiCl)  soon  after  their  first  ex- 
perience with  sugar,  then  on  testing 
roughly  90%  will  take  about  6  ml  of 
water  and  only  0— V2  ml  of  the  sugar, 
showing  a  marked  aversion  to  the  sugar. 
This  phenomenon  has   been  thoroughly 
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explored  with  rats.  The  injection  can  be 
made  up  to  4  hours  after  tasting  the 
sugar;  almost  any  novel  taste  is  ade- 
quate, provided  the  animals  have  a 
natural  preference  for  it,  and  a  wide 
variety  of  drugs  can  be  used  to  induce 
the  aversion. 

This  situation  offers  a  good  method 
for  testing  memory.  Drugs  interfering 
with  memory  should  prevent  the  aver- 
sion. The  situation  is  quite  different  and 
more  natural  than  mazes,  etc.,  and  it  is 
reliable  and  quick.  It  also  requires  a 
minimum  of  equipment.  At  present  it 
has  only  been  used  to  test  a  few  of  the 
many  agents  that  affect  memory.  Injec- 
tion of  cycloheximide  (150  mg/kg) 
immediately  after  the  LiCl  did  not  pre- 
vent the  aversion.  Reserpine  (2  mg/kg), 
however,  reduced  the  number  of  mice 
developing  aversion  to  40%  when  in- 
jected immediately  after  the  LiCl  but 
had  no  effect  when  injected  4  or  24  hours 
after.  As  reserpine  causes  a  prompt 
depletion  of  the  levels  of  both  norepin- 
ephrine and  serotonin,  one  or  both  of 
these  neurotransmitters  may  be  involved 
in  the  memory  of  the  taste  of  sugar. 
Further  tests  using  a  parachlorophenyla- 
lanine  to  deplete  serotonin  and  alpha- 
methyltyrosine  to  deplete  norepinephrine 
may  indicate  which  one  has  the  principal 
role. 

If  long-term  memory  formation  in- 
volves protein  synthesis,  then  a  long- 
lasting  protein  fraction  might  be  im- 
portant. Mice  were  injected  with  C14 
isoleucine  and  sacrificed  over  a  period  of 
20  weeks.  Samples  of  brain  and  liver 
were  assayed  for  radioactivity.  Roughly 
99%  of  the  radioactivity  initially  incor- 
porated in  the  liver  showed  a  decay 
period  of  2  days,  leaving  a  1%  com- 
ponent with  a  half-life  of  17  days.  In 
the  brain  95%  showed  a  period  of  5 
days,  leaving  5%  with  a  period  of  25 
days.  Thus,  for  the  first  three  weeks  the 
long-lasting  component  is  largely  ob- 
scured by  the  short-lived  component. 
Possibly,  experiments  designed  to  detect 
protein  formed  as  a  result  of  a  learning 


experience  should  include  a  waiting 
period  of  six  weeks  or  more  to  emphasize 
the  long-duration  component. 

Immunological  Study  of  the 

Quaternary  Structure  of  an 

Allosteric  Enzyme 

Dean  B.  Cowie,  Paolo  Truffa-Bachi*  and 
Georges  N.  Cohen* 

A  program  was  initiated  to  test 
whether  known  genetic  divergences  are 
reflected  in  the  structure  or  composition 
of  an  essential  enzyme.  Aspartokinase 
I-homoserine  dehydrogenase  I  (AKI- 
HSDI)  are  essential  enzymes  in  the 
biosynthesis  of  amino  acids  in  E.  coli 
K12.  Physicochemical  studies  of  AKI- 
HSDI  have  shown  that  the  two  enzyme 
activities  are  carried  by  a  single  protein, 
a  tetramer  having  four  equal  subunits 
which  exist  in  two  main  conformations: 
the  active  form,  R,  having  a  low  affinity 
for  the  ligand  L-threonine,  and  the  in- 
active form,  T,  having  a  high  affinity  for 
the  same  ligand.  This  protein  with  its 
allosteric  properties  was  selected  to  in- 
vestigate evolutionary  protein  diver- 
gence within  the  genus  Enter  obacteri- 
aceae. 

Essential  for  these  studies  was  an 
analytical  method  capable  of  detecting 
differences  that  might  exist  among  iso- 
functional  proteins  produced  by  different 
species.  Immunological  methods  were 
selected  as  the  most  sensitive  for  such 
determinations.  Accordingly,  sepharose 
columns  were  prepared  containing  anti- 
bodies specific  for  E.  coli  K12  aspartoki- 
nase I— homoserine  dehydrogenase  I.25 

Characteristics  of  antibody  column 
using  crude  extracts  of  E.  coli  K12. 
Aliquots  of  crude  extract  of  E.  coli  K12 
cells  were  measured  for  total  homoserine 
dehydrogenase  enzyme  activity  and 
sensitivity  to  threonine.  The  homoserine 
dehydrogenase  activity  was  measured  in 
the  homoserine  to  aspartate-/?-semi- 
aldehyde  direction.  This  was  done  by 
first    adding    the    appropriate    enzyme 

*  Service  Biochimie  Cellulaire,  Institut  Pas- 
teur, Paris,  France. 
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substrate  26  to  aliquots  of  the  crude  ex- 
tract (or  to  column  eluate  fractions) , 
determining  optically  the  enzyme  activ- 
ity and  finally  adding  threonine  to  the 
aliquot  to  determine  the  effect  of  threo- 
nine on  the  enzyme  activity. 

Routinely,  fractions  of  the  extract 
were  found  to  show  about  68%  inhibi- 
tion of  enzyme  activity  in  the  presence 
of  2  X  10"3  M  L-threonine.  Pure  AKI- 
HSDI  enzyme  fractions  showed  the  same 
degree  of  threonine  inhibition. 

When  half-saturating  quantities  of  this 
extract  were  loaded  on  the  antibody 
column,  about  a  third  of  the  quantity  of 
enzyme  in  the  crude  extract  did  not  bind 
and  could  be  eluted  by  washing  the 
column  with  buffer  A.*  This  eluted 
fraction  was  observed  to  be  insensitive 
to  threonine.  Immediate  repassage  of 
this  eluate  through  the  column  resulted 
in  no  further  appreciable  binding  of  the 
enzyme.  However,  the  eluate,  upon 
standing  at  room  temperature,  regained 
sensitivity  to  threonine.  The  kinetics  of 
resensitization  to  threonine  are  shown  in 
Fig.   25.    The  capacity  to   bind  to  the 

*  Buffer  A :  potassium  phosphate  buffer  2  X 
10-2  M,  pB.72;  KC1  0.15  M. 


antibody  column  was  observed  to  in- 
crease in  proportion  to  the  degree  of 
resensitization  to  threonine  and  if  suffi- 
cient time  has  elapsed  practically  all  of 
the  enzyme  will  be  bound  by  the  column. 
There  was  no  appreciable  gain  or  loss  of 
enzyme  activity  during  the  resensitiza- 
tion period. 

It  was  evident  that  there  were  two 
forms  of  the  enzyme  in  the  crude  extract 
of  E.  coli  K12  cells  that  could  be  dis- 
tinguished by  their  capacity  to  be  bound 
by  the  column.  Upon  passage  through 
the  column  only  one  form  is  bound  (%) 
while  the  other  i1/^)  passes  through  the 
column.  With  time,  the  later  fraction 
regains  threonine  sensitivity  and  its 
capacity  to  bind  to  the  antibody  column. 

The  interaction  of  various  ligands 
with  allosteric  enzyme  sites  often  is 
correlated  with  alterations  in  the  quater- 
nary structure  of  the  proteins.  The 
addition  of  threonine  to  AKI-HSDI,  for 
example,  drives  the  equilibrium  of  this 
tetrameric  allosteric  enzyme  from  the 
active  form,  R,  toward  the  inactive  form, 
T.  The  addition  of  aspartate  or  KC1 
shifts  the  equilibrium  toward  the  active 
R  form. 


II  I  I  I I . 


TIME    IN  HOURS 


Fig.  25.  Time  course  of  resensitization  to  threonine  (10~3  M)  of  AKI-HSD  I  in  eluant  from  anti- 
body column. 
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When  threonine  was  added  to  crude 
extracts  of  E.  coli  K12  or  E.  coli  Tir  8* 
(final  concentration  10~3  M)  all  of  the 
AKI-HSDI  bound  to  the  antibody  col- 
umn. Similarly,  pure  AKI-HSDI  enzyme 
completely  binds  until  column  saturation 
conditions  are  reached.  The  capacity  for 
binding  AKI-HSDI  was  the  same  for 
crude  extract  enzymes  as  for  purified 
AKI-HSDI. 

The  possibility  exists  that  in  the  crude 
extracts  (in  the  absence  of  threonine 
supplements)  a  portion  (%)  of  the 
AKI-HSDI  enzyme  (E)  is  associated 
with  a  ligand  (X)  having  a  lower  affin- 
ity constant  than  threonine.  This  com- 
plex, EX,  is  not  recognized  by  and 
cannot  bind  to  the  antibody  column. 
Dissociation  of  the  EX  complex,  how- 
ever, could  occur  during  passage  through 
the  column.  Should  X  be  a  readily  dis- 
sociable small  molecule,  its  rate  of 
passage  through  the  column  would  be 
slower  than  the  enzyme  and  eluted  in 
separate  fractions.  To  test  this  concept 
a  sample  of  crude  extract  from  E.  coli 
Tir  8  was  dialyzed  in  large  volumes  on 
buffer  A  to  attempt  to  dilute  the  con- 
centration of  X  in  the  extract.  After 
dialysis,  while  there  was  no  loss  in  total 
AKI-HSDI  activity,  all  the  enzyme  in 
the  extract  is  bound  to  the  column. 

Aspartate  was  a  logical  possibility  for 
ligand  X.  This  ligand  can  shift  the 
equilibrium  of  AKI-HSDI  from  the  in- 
active T  to  the  active  state  R,  is  a 
naturally  occurring  antagonist  for  thre- 
onine, and  is  dialyzable. 

The  addition  of  crude  extract  supple- 
mented with  2  X  10"3  M  L-aspartate  to 
the  antibody  column  prevented  the 
binding  of  the  AKI-HSDI;  93%  passed 
through  the  column.  D-aspartate  does 
not  adduce  this  effect.  The  eluted 
enzyme  was  sensitive  to  threonine;  a 
68%  inhibition  was  observed  when  10~3 
M  threonine  was  added.  A  similar  result 
was  observed  when  pure  enzyme  was 
added  to  the  antibody  column  when 
aspartate  (2  X  10-3  M)  was  present. 

*  Derepressed  mutant  of  E.  coli  K12. 


One  of  the  most  interesting  results 
obtained  with  crude  extracts  was  the 
slow  rate  of  resensitization  to  threonine 
observed  with  the  eluted  enzyme.  More 
than  24  hours  was  required  to  almost 
completely  regain  threonine  sensitivity 
(Fig.  25)  and  column  binding  capacity. 

It  must  be  remembered,  however,  that 
the  routine  analysis  of  the  activity  of  the 
eluted  enzyme  and  of  its  threonine  sensi- 
tivity was  made  first  by  adding  to  an 
aliquot  of  eluate  a  known  quantity  of 
enzyme  substrate,  measuring  the  rate  of 
substrate  utilization,  and  finally  adding 
threonine  to  the  same  enzyme-substrate 
mixture  to  determine  threonine  sensitiv- 
ity. Experimentally,  then,  the  determina- 
tion of  sensitivity  to  threonine  was 
always  made  in  the  presence  of  enzyme 
substrate.  If  aspartate  (10~3  M)  is 
added  to  the  eluate  prior  to  substrate, 
immediate  and  full  sensitivity  to  threo- 
nine is  observed. 

The  picture  that  emerges  from  these 
results  is  that  in  addition  to  the  R  and  T 
forms  of  the  enzyme,  the  antibody  at- 
tached to  the  column  has  provoked  the 
appearance  of  a  third  form,  U.  U  is 
possibly  a  monomer  or  a  dimer  en- 
zymatically  active  but  insensitive  to 
threonine.  U  is  in  poor  equilibrium,  in 
the  absence  of  ligands,  with  the  R  ^  T 
system;  this  equilibrium  is  rapidly 
reached  upon  addition  of  aspartate  (or 
threonine).  In  the  presence  of  threonine 
the  monomers  (or  dimers)  are  prevented 
from  being  stripped  from  the  antibody. 
The  ligand  aspartate  appears  necessary 
to  allow  the  stripped  U  form  of  the  en- 
zyme to  reassociate  immediately.  Table 
3  summarizes  the  data  presented  above. 

This  hypothesis  explains  the  insensi- 
tivity  of  the  U  form  to  threonine,  since 
the  Monod,  Wyman,  and  Changeux 
model 21  implies  that  allosteric  inhibition 
is  a  concomitant  of  the  quaternary 
structure  of  the  allosteric  proteins.  This 
hypothesis  is  currently  under  investiga- 
tion. 

Exchange  of  antibody -bound  AKI- 
HSDI  with  a  mutant  form  of  the  enzyme. 
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Gif  108  is  a  derepressed  strain  of  E.  coli 
K12  containing  the  previously  isolated 
mutation  of  Gif  101  leading  to  the  loss 
of  homoserine  dehydrogenase  activity 
( Janin,  Truffa-Bachi,  and  Cohen,  1967)  ,28 
A  threonine-sensitive  AKI,  devoid  of 
HSDI  activity  has  been  extracted  from 
Gif  108,  and  the  molecular  weight  of  the 
active  subunits  of  this  enzyme  has  been 
determined  to  be  45,000-50,000  daltons,29 
about  half  the  molecular  weight  of  the 
subunits  found  in  wild-type  cells. 

Experiments  were  carried  out  to  deter- 
mine whether  any  AKI-HSDI  activity 
previously  bound  to  the  antibody  col- 
umn would  exchange  with  the  mutated 
form  of  the  enzyme. 

Approximately  600  units  of  AKI 
(determined  by  method  A,  Truffa-Bachi, 
and  Cohen,  1970) 29  contained  in  2  ml  of 
crude  extract  from  Gif  108  cells  were 
added  to  the  antibody  column  to  which 
were  already  bound  1800  units  of  AKI- 
HSDI.    The  column  was  slowly  washed 


FRACTION     NUMBER 

Fig.  26.  Exchange  of  bound  AKI-HSD  I  en- 
zyme on  antibody  column  with  AKI  passed 
through  column  (crude  extract  from  mutant  Gif 
108).  Circles,  appearance  of  protein  in  eluant 
fractions ;  X's,  appearance  of  AKI-HSD  I  activity 
in  eluant  fractions. 


with  buffer  A  (flow  rate  of  1  ml/10 
minutes).  Figure  26  shows  the  appear- 
ance of  protein,  followed  by  HSD  activ- 
ity in  the  eluate  fractions.  Since  the 
mutant  Gif  108  enzyme  added  to  the 
column  had  no  HSD  activity  initially, 
exchange  must  have  taken  place.  How- 
ever, the  properties  of  the  eluted  enzyme 
were  unusual:  when  tested  for  threonine 
sensitivity,  it  was  discovered  that  the 
HSD  activity  was  enhanced  rather  than 
inhibited,  as  is  the  case  with  the  wild- 
type  enzyme.  This  enhancement  was 
always  greater  than  100%.  The  most 
reasonable  hypothesis  to  explain  these 
results  is  the  elution  of  hybrid  mole- 
cules composed  of  subunits  of  the  wild- 
type  enzyme  and  of  the  mutant  protein. 
These  "hybrids"  are  stable,  since  the 
threonine  activation  remains  even  after 
24  hours  at  room  temperature.  This 
hypothesis  is  also  under  current  investi- 
gation. 

This  study  is  a  clear  example  of  the 
extraordinary  analytical  and  resolving 
power  of  antibody  columns.  In  addition 
to  being  a  potential  tool  for  studying 
protein  evolution,  there  is  the  possibility 
of  detecting  hybrids  between  the  sub- 
units  of  wild-type  and  mutant  aspartoki- 
nase  I— homoserine  dehydrogenase  I,  of 
obtaining  a  new  form  of  the  enzyme 
which  has  a  slow  rate  of  regaining  the 
original  equilibrium,  of  studying  the 
effect  of  ligand  addition  on  this  rate, 
and  of  observing  the  transitions  of  the 
binding  capacity  of  the  enzyme  to  the 
antibody  upon  addition  of  ligands. 

Reassociation  of  Bean  DNA 

N.  A.  Straus 

Differential  polynemy  has  been  used 
to  account  for  large  changes  in  DNA 
content  per  nucleus  within  certain 
taxonomic  groups  that  do  not  have  cor- 
responding changes  in  chromosome  num- 
ber. According  to  this  hypothesis,  the 
larger    genomes    have    been    generated 
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from  the  smaller  ones  by  a  lateral  dupli- 
cation of  the  entire  genome,  giving  rise 
to  multistranded  chromosomes. 

Vicia  faba  contains  five  times  as 
much  DNA  per  nucleus  as  Vicia  sativa; 
however,  both  of  these  species  have  a 
haploid  chromosome  number  of  eight. 
Since  the  two  species  are  also  in  the  same 
section  (Euvicion)  of  the  genus,  it  has 
been  argued  that  the  additional  DNA  of 
T\  faba  is  not  the  result  of  new  genetic 
loci  not  represented  at  least  once  in  V. 
sativa.  In  addition,  studies  of  chromo- 
some structure  using  trypsin  digestion 
have  indicated  that  V.  faba  has  more 
lateral  strands  in  its  chromosomes  than 
does  V.  sativa.  V.  sativa  and  V.  faba 
seem  to  be  ideal  candidates  for  differ- 
ential polynemy. 

The  existence  of  differential  polynemy 
is  readily  testable  by  using  DNA  re- 
association  kinetics.  An  increase  in 
polynemy  increases  the  repetition  fre- 
quency of  each  locus  by  the  same 
amount  and  thus  leaves  the  actual  con- 
centration of  each  locus  per  gram  of 
DNA  unchanged.  Since  the  rate  of  DNA 
reassociation  is  concentration  dependent, 


differential  polynemy  will  not  change 
the  rate  of  DNA  reassociation. 

With  this  in  mind,  the  reassociation 
kinetics  of  V.  faba  and  V.  sativa  DNA 
in  0.14  M  PB  (0.07  M  NaH2P04  +  0.07 
M  Na2HP04)  were  studied.  Under  these 
conditions,  sequences  present  once  per 
haploid  genome  would  only  be  half  re- 
associated  at  C0t  values  of  3000  and 
15,000  mole  sec/liter  for  DNA  from  V. 
sativa  and  V.  faba,  respectively.  Figure 
27,  therefore,  represents  the  renaturation 
curves  of  repeated  DNA  only.  The 
reassociation  curves  show  that  the  aver- 
age renaturation  rate  of  DNA  from  V. 
faba  is  faster  than  that  of  V.  sativa.  This 
suggests  that  if  the  genome  of  V.  faba 
grew  from  a  genome  very  much  like  that 
of  V.  sativa,  it  did  so  by  multiplying 
some  sequences  much  more  than  others. 
The  results  rule  out  the  hypothesis  that 
V.  faba  is  a  polynemic  derivative  of  the 
present-day  genome  of  V.  sativa. 

In  order  to  further  investigate  the 
differences  between  V.  faba  and  V.  sa- 
tiva, the  DNAs  of  both  species  were 
labeled  with  I125  according  to  the 
method  of  Commerford.30 
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Fig.  27.  Hydroxyapatite-monitored  reassociation  kinetics  of  sheared  V .  jaba  (X's)  and  V .  sativa 
(circles)  DNA  in  0.14  M  PB.  The  curves  represent  the  reassociation  progress  of  repeated  se- 
quences only.   Single-copy  DNA  reassociates  at  a  much  slower  rate. 
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Fig.  28.  Thermal  elution  profile  of  homologous  and  heterologous  reassociation  reactions  between 
V.  faba  and  V.  sativa.  (A)  The  elution  profile  of  I25I  tracer  DNA  of  V.  faba  (X's)  and  of  V.  sativa 
(circles)  that  was  incubated  with  a  vast  excess  of  unlabeled  V.  faba  DNA.  (B)  The  elution  profile 
of  labeled  V.  sativa  (X's)  and  V.  faba  (circles)  DNA  that  has  been  allowed  to  reassociate  in  the 
presence  of  a  vast  excess  of  V.  sativa  DNA.  In  all  cases  controls  were  run  to  show  that  under 
these  conditions  the  tracer  would  not  self-react  to  any  significant  extent. 


Labeled  DNA  of  V.  faba  was  added 
to  a  vast  excess  of  unlabeled  V.  sativa 
DNA  and  the  mixture  allowed  to  reasso- 
ciate until  most  of  the  repeated  DNA  of 
V.  sativa  had  renatured.  The  reasso- 
ciated  product  was  then  bound  to  hy- 
droxyapatite  in  0.14  M  PB  at  60°C.  The 
thermal  stability  of  the  labeled  hybrid 
was  monitored  by  increasing  the  tem- 
perature of  elution  in  a  stepwise  fashion. 
This  procedure  was  repeated  for  labeled 
V.  faba  DNA  with  a  vast  excess  of  un- 
labeled V.  faba  DNA  and  for  labeled 
V.  sativa  DNA  in  a  vast  excess  of  first 
unlabeled  V.  faba  DNA  and  then  un- 
labeled V.  sativa  DNA.  Figure  28  shows 
the  combined  results  of  these  experi- 
ments. Under  these  conditions,  only 
20%  of  the  repeated  DNA  of  V.  faba  is 
related  to  the  repeated  DNA  of  V.  sa- 
tiva, and  23%  of  the  repeated  DNA  of 
V.  sativa  is  found  in  V.  faba.  Thus, 
about  80%  of  the  genomes  are  unrelated. 
If  all  the  DNA  in  V.  faba  were  the  re- 
sult of  differential  polynemy  between 
these  two   species,   then   all   of  the   se- 


quences of  V.  faba  should  be  related  to 
those  of  V.  sativa.  Figure  28  shows  that 
the  thermal  stabilities  of  the  heterolo- 
gous duplexes  are  lower  than  the  thermal 
stabilities  of  the  homologous  duplexes. 
Lower  thermal  stabilities  of  the  reasso- 
ciated  products  of  families  of  repeated 
DNA  are  assumed  to  mean  that  the 
members  of  the  repeated  families  have 
had  a  longer  time  in  which  to  diverge 
from  each  other.  It  is  reasonable  to  as- 
sume that  the  sequences  held  in  common 
by  these  two  beans  are  remnants  of  those 
sequences  that  were  present  in  their  com- 
mon ancestor  and  that  80%  of  each  of 
their  respective  DNAs  have  been  added 
to  each  of  the  genomes  since  the  time  of 
divergence. 

It  therefore  appears  that  V.  sativa  and 
V.  faba  are  not  related  by  a  simple 
polynemic  step.  Rather,  there  have  been 
a  number  of  separate  evolutionary 
events  adding  new  and  different  families 
of  repeated  sequences  to  the  genomes  of 
these  beans  since  their  divergence  from 
a  common  ancestor. 
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Examination  of  Primate 
Relationships  by  DNA  Homology 

Bill  H.  Hoyer,  N.   W.  van  de   Velde, 
M.  Goodman,  and  R.  B.  Roberts 

Man,  chimpanzee,  gorilla,  and  orang- 
utan are  generally  considered  to  be 
"higher  primates"  and  there  are  some 
vestigial  tendencies  to  place  man  on  a 
taxonomic  side  branch  (pedestal)  of  his 
own.  The  gibbon  and  African  monkeys 
are  not  included  in  the  higher  primates 
although  the  gibbon  is  considered  to  be 
an  ape.  We  report  here  on  the  DNA 
homologies  of  the  higher  primates  from 
the  standpoint  of  the  unique  DNA  se- 
quences of  the  human  and  orangutan. 
In  addition,  gibbon  and  African  green 
monkey  have  been  included  because 
they  provide  reference  points  related  to 
previous  studies.31'32,33 

The  philosophy  for  making  these  com- 
parisons of  polynucleotide  homologies 
and  the  procedural  approaches  are  es- 
sentially those  previously  described.31 
These  procedures  involve  an  initial  sepa- 
ration of  repeated  from  unique  radio- 
labeled DNA  sequences  of  human  and 
orangutan  by  differential  adsorption  of 
the  repeated  sequences  to  hydroxyapa- 
tite  (HAP)  after  incubation  of  the 
denatured  radiolabeled  DNA  fragments 
to  C0t  =  200  at  60°C  in  0.14  M  phos- 
phate buffer  (PB).  The  unique  radio- 
labeled DNA  fragments  that  did  not 
adsorb  to  HAP  were  then  mixed  with  a 
large  excess  (about  1000-fold)  of  un- 
fractionated,  unlabeled,  denatured  DNA 
from  homologous  or  heterologous  pri- 
mates, incubated  to  C0t  =  about  15,000, 
and  subjected  to  linear  thermal  elution 
from  HAP.  The  radiolabeled  DNAs 
were  prepared  from  tissue  cultures  by 
exposure  of  human  (Wistar  38)  cells  or 
orangutan  cells  to  3H-thymidine  during 
at  least  two  doublings.  The  same  set  of 
unlabeled  DNAs  was  used  for  all  de- 
terminations. 

The  3H-DNA  was  used  to  determine 
the  midpoints  of  the  integral  thermal 
elution    curves    (Te5o)    of    the    primate 
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Fig.  29.  Thermal  elution  of  reassociated  3H- 
human-gibbon  DNA  from  HAP  in  the  presence 
of  reassociated  ^-Escherichia  coli  DNA.  A 
mixture  of  3H-human  unique  DNA  fragments 
and  unfractionated,  unlabeled  gibbon  DNA 
fragments  (unlabeled  DNA/3H-DNA  m  1000) 
was  incubated  in  0.8  M  PB  at  63  °C  to  Cot 
equivalent  to  about  15,000.  To  each  such  mix- 
ture a  sample  of  reassociated  32P-i?.  coli  DNA 
from  a  common  source  was  added  to  provide  a 
common  internal  standard.  The  DNA  mixture 
was  added  to  a  column  of  HAP  (2.0  grams),  and 
the  DNA  which  adsorbed  at  50 °C  in  0.14 
M  PB  was  subjected  to  a  linear  ascending  tem- 
perature gradient  of  about  0.25°C  per  minute 
while  0.14  M  PB  was  pumped  through  the  col- 
umn at  2  ml  per  minute.  Fractions  were  col- 
lected at  4-minute  intervals  and  the  radio- 
activity of  each  fraction  was  assayed  in  a  Pack- 
ard liquid  scintillation  spectrometer  set  to  dis- 
criminate between  32P  and  3H.  Integral  plots 
of  the  amounts  of  radioactivity  eluted  were  con- 
structed by  computer  analysis  and  least-square 
fits  to  the  straight  line  portions  of  the  integral 
elution  profiles  were  made.  The  intersection  of 
these  lines  with  the  50%  elution  line  was  de- 
termined and  the  corresponding  intercept  with 
the  temperature  line  measured.  The  differences 
in  °C  (ATeso)  of  the  3H  and  32P  intercepts  were 
determined;  in  this  case  the  ATeso  was  12.4°C. 
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DNA  combinations,  and  reassociated, 
sonicated  32P '-Escherichia  coli  DNA  (a 
gift  of  Dr.  D.  Brenner)  was  added  to 
each  combination  to  provide  an  internal 
standard.  The  A77e50  relative  to  E.  coli 
DNA  was  determined  and  used  to  cal- 
culate the  differences  in  thermal  elution 
between  the  homologous  and  heterolo- 
gous pairs.  (Fig.  29.)  The  similarities 
or  differences  were  therefore  measured 
by  the  ATe5o  values;  in  each  case  the 
homologous  DNA  mixtures  had  the 
highest  thermostabilities  in  the  set  of 
DNAs  examined. 

In  this  study  the  piece  size  of  the  radio- 
labeled fragments  was  roughly  50-100 
nucleotides  based  on  the  relationships  of 
melting  properties  of  DNA  and  fragment 
size  reported  by  Hayes;34  the  depression 
of  the  Te$o  for  homologous  DNA  mix- 
tures was  about  8°C.  The  smaller  DNA 
fragments,  it  was  anticipated,  might 
emphasize  the  Te50  differences  between 
homologous  and  heterologous  DNA  mix- 
tures. This  emphasis  was  desirable  be- 
cause the  primates  studied  are  closely 
related.  However,  the  differences  in  Te50 
values  observed  with  the  small  frag- 
ments were  about  the  same  as  those 
observed  previously  31  with  some  of  the 
same  primate  DNAs  sheared  to  500 
nucleotides  (50  K  sheared).  One  of  the 
advantages  of  the  smaller  DNA  pieces 
is  that  the  lower  portion  of  the  integral 
melting  curve  does  not  have  the  irregu- 
lar "foot"  (see  Fig.  29)  previously  ob- 
served.31  Another  advantage  is  that  the 


Te50  is  sufficiently  lowered  so  that  the 
thermal  elution  process  is  complete  be- 
fore technical  difficulties  experienced  at 
higher  temperatures  arise. 

Table  4  presents  the  &Te50  values 
obtained  using  3H-labeled  unique  hu- 
man DNA  sequences  as  the  indicator. 
There  has  been  no  adjustment  of  the 
thermostability  values  to  obtain  a  T50R 
as  reported  previously,31  but  the  actual 
differences  in  thermal  elution  properties 
are  presented.  Therefore,  these  values 
represent  a  measure  of  the  degree  of 
homology  of  polynucleotide  sequences 
presently  shared  by  human  DNA  and 
the  DNAs  of  the  other  primates. 

These  data  indicate  that  man,  chim- 
panzee, and  gorilla  form  a  closely  re- 
lated group  based  upon  DNA  sequence 
similarities.  This  group  is  quite  dis- 
tinct from  the  other  primates  (gibbon, 
orangutan,  and  green  monkey) .  These 
data  create  the  dilemma  of  excluding  the 
orangutan  from  the  high  primate  group 
or,  conversely,  including  the  gibbon. 
The  green  monkey  and  gibbon  occupy 
positions  in  relationship  to  man  indi- 
cated by  previous  observations.31, 32,33 
Man,  chimpanzee,  and  gorilla  provide  an 
excellent  opportunity  for  fine  dissection 
of  sequence  similarity  and  differences 
because  of  their  high  degree  of  homo- 
logy; the  subject  of  relative  genetic 
information  content  of  the  DNAs  of 
human,  chimpanzee,  and  gorilla  appears 
worthy  of  examination.  Also,  these  data 
suggest  that  the  order  of  relationship  to 


TABLE  4.   Relative  Thermostabilities  of  3H-Human  Unique  DNA  Sequences  Reassociated 

in  the  Presence  of  Unlabeled  Primate  DNA  Fragments 

ATe5„in°C* 


Human 

Chimpanzee 

Gorilla 

Orangutan 

Gibbon 

Green  Monkey 

0 

0.7 

1.4 

2.9 

2.7 

5.7 

*  These  values  are  determined  as  described  in  the  legend  to  Fig.  29  and  are  relative  to  the  3H- 
human  DNA.  For  example,  the  ATeso  of  3H-human-human  DNA  combination  was  9.8° C  rela- 
tive to  the  32P-E.  coli  DNA  standard.  The  3H-human-chimpanzee  &Te50  was  10.5°C  relative  to 
E.  coli.  The  homologous  combination  was  therefore  0.7°C  more  stable  than  the  heterologous 
combination.  Values  presented  are  averages  obtained  from  at  least  two  determinations,  and  about 
50%  of  the  3H-human  DNA  was  reassociated. 
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TABLE  5.  Relative  Thermostabilities  of  3H-Orangutan  Unique  DNA  Sequences 

When  Reassociated  in  the  Presence  of  Unlabeled  DNA  Fragments 

ATe6„in°C* 


Human 

Chimpanzee 

Gorilla 

Orangutan 

Gibbon 

Green  Monkey 

1.9 

1.8 

2.3 

0 

2.4 

4.3 

*  Conditions  are  similar  to  those  outlined  in  the  legend  to  Table  4,  but  3H-orangutan  DNA  was 
used.  The  ATer>0  of  the  3H-orangutan-orangutan  combination  was  10.0 °C  relative  to  E.  coli,  and 
about  50%  of  the  3H-orangutan  DNA  was  reassociated. 


man  is  described  as:  man,  chimpanzee, 
gorilla,  orangutan  or  gibbon,  and  green 
monkey. 

Table  5  presents  the  ATe5o  values  ob- 
tained using  3H-orangutan  unique  DNA 
sequences  as  the  indicator  of  relatedness. 
The  orangutan  occupies  a  position  about 
equidistant  from  man,  chimpanzee, 
gorilla,  and  gibbon;  the  green  monkey  is 
more  distant.  The  lack  of  reciprocity 
between  man  and  orangutan  with  ATe™ 
of  2.9  and  1.9  is  difficult  to  rationalize 
and  emphasizes  the  need  for  more  deter- 
minations among  members  of  this  group 
before  logical  relationships  can  be  deter- 
mined and  a  dendrogram  constructed. 

These  DNA  data  provide  an  analogue 
measurement  of  differences  among  this 
closely  related  group  of  primates  and 
supplement  other  studies  that  indicate 
only  a  few  amino  acid  differences  among 
comparable  proteins  of  the  higher  pri- 
mates for  which  amino  acid  sequence 
data  are  available. 

Reassociation  of  Single-Copy 
DNA  Sequences 

Nancy  Rice  and  Patricia  Paul 

Reassociation  of  single-copy  sequences 
between  DNAs  of  different  species  pro- 
vides a  quantitative  measure  of  these 
species'  relatedness;  the  method  has  al- 
ready proven  to  be  extremely  useful  in 
studying  primate  DNAs.35  Examination 
of  rodent  DNAs  is  slightly  more  difficult, 
however,  since  interspecies  DNA  differ- 
ences are  often  greater  than  those  found 
among  the  primates.  Hybrid  duplexes 
formed  between  single-copy  DNA  se- 
quences   of    two    species    of    Mus,    for 


example,  are  less  thermally  stable  than 
those  formed  between  human  and  gibbon 
DNAs.35, 36  Hybrid  duplexes  formed 
between  DNAs  of  increasingly  distantly 
related  rodents  are  sufficiently  unstable 
thermally  that  conditions  for  their  for- 
mation and  detection  present  a  technical 
problem.  We  have  surveyed  a  variety  of 
incubation  conditions  with  the  aim  of 
optimizing  the  formation  of  such  un- 
stable hybrid  duplexes,  and  our  findings 
to  date  are  summarized  below. 

To  facilitate  formation  of  low-stabil- 
ity duplexes  during  reassociation,  one 
can  decrease  the  incubation  tempera- 
ture, increase  the  ionic  strength,  or  both. 
Since  reassociation  is  accelerated  in 
solutions  of  high  salt  concentration,37 
we  have  routinely  employed  1  M  phos- 
phate buffer  as  our  incubation  medium 
and  have  varied  the  temperature;  the 
nature  of  the  product  has  been  assayed 
by  thermal  elution  from  hydroxyapatite 
columns  in  0.14  M  PB. 

Our  lowest  incubation  temperature 
was  53°C,  and  it  is  clear  from  Fig.  30 
that  this  is  too  low.  Rat  DNA,  3K-Mus 
musculus  single-copy  DNA  (previously 
incubated  to  C0t  70  and  the  reassociated 
molecules  removed),  and  liC-Escheri- 
chia  coli  DNA  were  denatured  and  incu- 
bated in  1  M  PB  at  53  °C  to  C0t  (rat)  -~ 
1800  moles  •  sec  ■  liter"1.  (In  calculat- 
ing Cots,  no  correction  for  high  salt  has 
been  applied.  For  comparison,  E.  coli 
DNA  of  similar  piece  size  reassociates 
with  CVi/2  —  1.3  in  1  M  PB  at  59°C). 
The  sample  was  then  diluted  to  0.14  M 
PB,  applied  to  a  hydroxyapatite  column 
at  45°C  (conditions  under  which  single- 
stranded    molecules    are    not    retained), 
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Fig.  30.  A  mixture  of  denatured  rat  DNA 
(1660  lUg/ml),  3H  Mus  musculus  single-copy 
DNA  (1.2  /xg/ml))  and  UC-E.  coli  DNA  (1.7 
/xg/ml)  was  incubated  in  0.96  M  phosphate 
buffer,  0.003  M  EDTA  at  53°C  for  91  hours. 
The  sample  was  diluted  to  0.14  M  PB,  applied 
to  a  hydroxyapatite  column  at  45  CC,  and  eluted 
in  5°C  increments  with  0.14  M  PB,  0.06% 
sodium  dodecyl  sulphate.  Fractions  were  moni- 
tored for  optical  density  (260  m/x)  and  radio- 
activity. 82%  of  the  rat  DNA,  54%  of  the 
mouse  DNA,  and  48%  of  the  E.  coli  DNA 
bound  to  the  column. 


and  eluted  in  5°C  increments.  It  was 
found  that  most  of  the  rat  DNA  and 
about  half  of  the  mouse  and  E.  coli 
DNAs  bound  to  the  column,  but  that 
much  of  this  binding  represents  extremely 
unstable  and  probably  nonspecific  du- 
plexes. Only  15%  of  the  E.  coli  DNA, 
for  example,  eluted  above  75  °C,  while 
30%  eluted  below  60°C. 

A  duplicate  sample  was  incubated  at 
55.5 °C  and  chromatographed  as  above, 
and  qualitatively  similar  results  were 
obtained.  Larger  amounts  of  stable  du- 
plexes were  observed — about  30%  of 
E.  coli  DNA  and  about  40%  of  rat  DNA 
eluted  above  75  °C — but  significant  bind- 
ing (e.g.,  >  15%  of  E.  coli  DNA)  of 
very  low-stability  material  persisted. 
The  nonspecific  nature  of  much  of  this 


very  unstable  material  was  illustrated  in 
an  additional  experiment:  3H-mouse 
single-copy  DNA,  14C-#.  coli  DNA,  and 
sea  urchin  DNA  were  annealed  in  1  M 
PB  at  54°C  to  C0t  (sea  urchin)  —  320. 
Chromatography  on  hydroxyapatite  in 
0.14  M  PB  revealed  that  both  the  mouse 
and  E.  coli  DNAs  showed  the  same  high 
level  (r^  15%  of  total  DNA)  of  low- 
stability  material.  Formation  of  these 
very  unstable  structures  does  appear  to 
be  collision  dependent:  liC-E.  coli  DNA 
incubated  with  mouse  DNA  in  1  M  PB 
at  54°C  to  C0t  (mouse)  10  and  C0t  (E. 
coli)  2  X  10"2  resulted  in  only  1.3%  of 
the  14C-E.  coli  DNA  eluting  from  hy- 
droxyapatite below  60°  in  0.14  M  PB. 

Annealing  in  1  M  PB  at  59°C  appears 
to  prevent  the  formation  of  most  of  this 
very  unstable  nonspecific  material.  In- 
cubation of  sea  urchin  DNA,  3H-mouse 
single-copy  DNA,  and  14C-E.  coli  DNA 
to  C0t  (sea  urchin)  . — -  320  resulted  in 
very  low  binding  of  the  mouse  DNA 
(<  5%)  and  in  little  binding  (<  4%) 
of  unstable  E.  coli  DNA  duplexes  (Fig. 
31).    We  have  therefore  adopted  59°C, 
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Fig.  31.  A  mixture  of  denatured  sea  urchin 
DNA  (273  /xg/ml),  3H-Mws  musculus  single- 
copy  DNA  (0.37  /xg/ml),  and  14C-E.  coli  DNA 
(0.64  /xg/ml)  was  incubated  in  1  M  PB,  0.002 
M  EDTA  at  59  °C  for  97  hours.  Subsequent 
treatment  as  described  in  Fig.  30.  80%  of  the  sea 
urchin  DNA,  5%  of  the  mouse  DNA,  and  42% 
of  the  E.  coli  DNA  bound  to  the  column. 
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Fig.  32.  A  mixture  of  denatured  rat  DNA 
(3280  Mg/ml),  3~H-Mus  musculus  single-copy 
DNA  (2.1  /tg/ml),  and  UC-E.  coli  DNA  (1.8 
Mg/ml)  was  incubated  in  0.96  M  PB,  0.003  M 
EDTA  at  59  °C  for  142  hours.  Subsequent  treat- 
ment as  described  in  Fig.  30.  95%  of  the  rat 
DNA,  72%  of  the  mouse  DNA,  and  75%  of  the 
E.  coli  DNA  bound  to  the  column. 


1  M  PB,  as  the  lowest  practical  criterion 
for  our  study  of  relationships  among 
rodent  single-copy  DNAs,  and  the  re- 
sults of  incubating  3H-mouse  single-copy 
DNA,  14C-E.  coli  DNA,  and  rat  DNA  to 
Cot  (rat)  5600  under  these  conditions 
are  shown  in  Fig.  32.  Ninety-five  per- 
cent of  the  rat  DNA  reassociated,  and 
much  of  it  bound  to  the  HAP  column  with 
very  high  stability  (the  presence  of 
intermediate-stability  rat  DNA  is  not 
unexpected,  since  all  the  repeated  se- 
quences are  present).  About  75%  of  the 
E.  coli  DNA  bound  to  the  column,  only 
5.5%  of  which  eluted  below  60°C. 
Finally,  more  than  70%  of  the  3H- 
mouse  single-copy  DNA  bound;  the  hy- 
brid rat-mouse  duplexes  exhibit  a  very 
broad  range  of  thermal  stabilities  with  a 
Tm  of  about  67°C  in  0.14  M  PB.   Thus, 


our  annealing  conditions  have  enabled  us 
to  demonstrate  that  most  of  the  single- 
copy  sequences  in  mouse  DNA  have 
relatives  in  rat  DNA.  We  hope  that 
these  conditions  will  prove  useful  in 
comparing  DNAs  of  other  species  which 
have  undergone  a  similar  degree  of 
divergence. 

Evolution  of  Repeated  Sequences 
in  the  Genus  Mus 

Nancy  Rice  and  Neil  Straus 
Isolated  Mouse  Satellite  Strands 

Mouse  satellite  DNA  is  probably  the 
best  known  example  of  a  family  of  re- 
peated nucleotide  sequences.  Comprising 
about  10%  of  the  total  DNA  of  all 
tested  strains  and  cell  types  of  Mus 
inusculus,38  it  is  thought  to  consist  of 
about  one  million  very  similar  copies  of 
a  sequence  about  300  nucleotides  long.39 
This  family  apparently  arose  after  the 
mouse-rat  divergence,  for  related  se- 
quences have  not  been  detected  in  rat 
DNA.40  To  better  define  both  its  time 
and  mechanism  of  origin,  we  have  ex- 
amined DNAs  from  various  species  of 
the  genus  Mus  for  sequences  related  to 
those  of  the  M.  musculus  satellite. 

In  order  to  eliminate  the  problem  of 
satellite  self-reaction,  we  have  used  the 
separated  strands  of  mouse  satellite  to 
test  for  related  sequences  in  other  DNAs. 
As  the  first  step  in  the  preparation  of 
these  strands,  mouse  DNA  (previously 
sheared  through  a  24-gauge  needle)  was 
denatured,  incubated  briefly  at  60 °C  in 
0.12  M  PB,  and  then  centrifuged  in  a 
neutral  CsCl  density  gradient.  Material 
that  returned  to  native  density  was  col- 
lected and  rerun  on  a  second  neutral 
gradient.  Finally,  when  centrifuged  in 
an  alkaline  CsCl  gradient  the  DNA 
separated  into  two  peaks  at  densities 
characteristic  of  the  heavy  and  light  (H 
and  L)  mouse  satellite  strands.  The  be- 
havior of  either  of  the  isolated  strands 
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Fig.  33A.  A  mixture  of  3H-M.  musculus  DNA 
(sheared  at  50,000  psi)  and  M.  musculus  H 
strand  was  heated  to  100°  C,  then  incubated  at 
50°C  in  0.14  M  PB  to  Cot  (H)  1.3  X  10"3  and 
(3H-DNA)  4  X  10-5.  5.8%  of  the  3H-DNA 
bound  to  HAP  at  50 °C.  About  half  of  this  was 
due  to  self-reaction  of  the  tracer  (3.0%)  and  this 
has  already  been  subtracted  from  the  elution 
profile.  B.  A  mixture  of  sheared  3H-Af.  caroli 
DNA  and  M .  musculus  H  strand  was  treated  as 
above  at  45 °C  to  Cot  (H)  1.7  X  10"3  and  (3H- 
DNA)  10"5.  Elution  from  HAP  of  the  net  prod- 
uct due  to  H  strand  (0.6%  of  total  M.  caroli 
DNA)  is  plotted. 


in  analytical  neutral  or  alkaline  CsCl 
gradients  was  essentially  as  reported  by 
Flamm  et  al.41 

Reaction  of  either  excess  L  or  excess  H 
strand  with  low  levels  of  3H-M.  mus- 
culus (L  cell)  DNA  yielded  a  product 
of  high  thermal  stability.  As  shown  in 
Fig.  33,  essentially  all  of  the  3H-DNA 
in  this  product  eluted  from  hydroxyapa- 
tite  (HAP)  above  70°C  in  0.14  M 
phosphate  buffer  (PB),  and  most  of  it 
eluted  above  80  °C.  As  expected,  the 
kinetics  of  this  reaction  appeared  to  be 
pseudo  first-order,  and  -the  tracer  was 
half-reassociated  at  Cot  (H  strand)  10~4 
at  50°C  in  0.14  M  PB.  The  3H-DNA 
appeared  to  react  to  different  final  extents 
with  H  and  L  strands:  ^2.4%  of  the  3H 
bound  to  HAP  after  incubation  with  ex- 


cess H  strand,  but  — 6.2%  bound  after 
incubation  with  L  strand.  This  apparent 
discrepancy  results  from  (a)  having 
labeled  our  DNA  solely  with  ^-thy- 
midine, and  (b)  marked  asymmetry  in 
thymidine  content  of  the  H  and  L  strands 
(H  strand  contains  more  than  twice  as 
much  thymidine  as  L  strand41) . 

While  there  was  no  detectable  reasso- 
ciation  between  either  14C-rat  or  3H- 
Chinese  hamster  DNAs  and  H  strand, 
even  at  45  °C,  there  clearly  are  H  strand- 
related  sequences  in  3~H.-Mus  caroli 
DNA.  At  45°C  in  0.14  M  PB,  0.5-1.0% 
of  3H-M\  caroli  DNA  reassociated  with 
H  strand.  As  shown  in  Fig.  33,  the 
thermal  stability  of  this  heterologous 
duplex  was  quite  low:  by  70 °C  it  had 
eluted  completely  from  HAP.  Two  to 
three  percent  of  3H-M.  caroli  DNA  was 
able    to    reassociate   with    L    strand    at 
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Fig.  34.  A  mixture  of  sheared  3H-M.  caroli 
DNA  and  M.  musculus  H  strand  was  incubated 
at  50 °C  in  0.14  M  PB  to  C0t  (H)  4  X  10"3  and 
(M .  caroli)  2  X  10"4.  After  applying  the  sample 
to  HAP  at  50  °C  and  washing  the  column  ex- 
tensively, the  temperature  was  raised  to  60 °C. 
The  eluting  material  (0.7%  of  the  3H-Af .  caroli 
DNA)  was  then  mixed  with  excess  sheared  un- 
labeled M.  caroli  DNA,  denatured,  and  incu- 
bated at  50 °C  to  Cot  (unlabeled  M.  caroli 
DNA)  1.9  X  10"1.  The  sample  was  applied  to 
HAP  at  50  °C  and  eluted  with  increasing  tem- 
perature as  shown  above. 
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Fig.  35.  Schematic  diagram  of  the  origin  of  M .  musculus  and  M.  caroli  satellites. 


50°C;  thermal  stability  of  this  product 
was  identical  to  that  of  the  H  strand- 
3H-M".  caroli  duplex. 

We  have  found  that  there  are  also 
mouse  satellite-related  sequences  in  Mus 
cervicolor  DNA.  3H-M\  musculus  se- 
quences able  to  reassociate  with  H 
strand  were  isolated  and  re-annealed  in 
the  presence  of  excess  M.  cervicolor 
DNA.  As  with  M.  caroli  DNA,  this 
heterologous  product  eluted  completely 
from  HAP  by  70 °C. 

The  satellite-related  sequences  in  M. 
caroli  DNA  appear  to  be  more  hetero- 
geneous as  a  group  than  those  in  M. 
musculus  DNA.  We  have  added  to  the 
3H-M.  caroli  DNA  sequences  able  to 
bind  to  M.  musculus  H  strand  a  large 
excess  of  unlabeled  total  M.  caroli  DNA. 
The  product  of  this  reaction  was  then 
isolated  on  HAP  and  eluted  with  in- 
creasing temperature.  As  seen  in  Fig. 
34,  we  found  an  intermediate  thermal 
stability  for  these  reassociated  satellite- 
related  sequences  within  M.  caroli  DNA ; 
their  stability  is  higher  than  the  heterol- 
ogous   product    but    significantly    lower 


than  the  reassociated  M.  musculus  satel- 
lite sequences  (compare  Figs.  33  and  34) . 
The  explanation  for  this  behavior  of  M. 
caroli  satellite-related  sequences  prob- 
ably lies  in  results  of  W.  Sutton  (per- 
sonal communication) .  He  has  found 
that  M.  caroli  DNA  has  three  distinct 
Ag+-Cs2S04  satellites  related  to  the  M. 
musculus  satellite.  Within  each  there  is 
little  evidence  of  heterogeneity,  but  they 
differ  somewhat  from  each  other.  Re- 
association  of  a  mixture  of  the  three 
could  result  in  products  of  diminished 
average  stability. 

We  conclude,  therefore,  that  saltation 
events  must  have  occurred  in  both  the 
M.  musculus  and  M.  caroli  lines  since 
their  divergence  and  that  related  but  not 
identical  sequences  were  involved  in 
these  events.  The  M.  musculus  genome 
has  one  and  the  M.  caroli  genome  ap- 
parently has  three  families  of  repeated 
sequences,  each  showing  quite  limited 
heterogeneity,  but  each  derived  from 
these  older  related  sequences.  These 
conclusions  are  illustrated  schematically 
in  Fig.  35. 
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Rapidly  Reassociating  M.  musculus 
DNA 

Since  mouse  satellite  DNA  reasso- 
ciates  much  more  rapidly  than  most  of 
mouse  DNA,  a  fraction  highly  enriched 
for  satellite  sequences  can  be  isolated 
simply  by  brief  annealing  followed  by 
collection  of  the  reassociated  molecules. 
Such  a  fraction  has  been  used  to  check 
the  conclusions  derived  from  our  studies 
cited  above  with  the  L  and  H  strands; 
these  two  approaches  have  yielded  es- 
sentially the  same  results. 

3H-M.  musculus  DNA  (sheared  at 
50,000  psi)  was  denatured,  incubated  to 
C0t  ~  3  X  10"2  at  50°C  in  0.14  M  PB, 
and  passed  over  HAP  at  50  °C.  About 
15%  of  the  total  DNA  bound  to  the 
column,  two-thirds  of  which  eluted 
above  80°C  in  0.14  M  PB.  This  latter 
material  was  enriched  in  satellite  DNA 
(20%  of  this  fraction  was  able  to  reasso- 
ciate  with  our  H  strand  preparation  and 
45%  with  the  L  strand  preparation)  and 
was  tested  for  relatedness  to  various 
other  DNAs. 

As  expected,  this  high-temperature 
fast  fraction  reacted  rapidly  and  to  high 
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Fig.  36.  Sheared  3H-M.  musculus  DNA  was 
denatured,  incubated  at  50  °C  in  0.14  M  PB  to 
Cot  2  X  10-2,  passed  over  HAP  at  50 °C,  and 
eluted  with  increasing  temperature.  The  10% 
of  the  total  DNA  which  eluted  above  80 °C  was 
then  reacted  with  M .  musculus,  M .  caroli  or  rat 
DNA  to  various  Cots  at  50°C  in  0.14  M  PB. 


stability  with  M.  musculus  musculus 
DNA.  As  shown  in  Fig.  36,  more  than 
half  of  the  tracer  had  reacted  at  M. 
musculus  Cot  10~3,  and  95%  had  reacted 
by  C0t  10"1  (tracer  self-reaction  was 
about  16%,  consisting  of  material  which 
apparently  reassociated  instantane- 
ously). Reassociation  of  the  tracer  with 
DNA  of  either  of  the  two  subspecies  M. 
m.  castaneus  or  M.  m.  molossinus  is  very 
similar  to  the  homologous  reaction: 
more  than  90%  of  the  tracer  reacted  by 
Cot  10"1,  and  the  product  exhibited  high 
thermal  stability.  At  this  level  of  ex- 
amination, therefore,  we  can  detect  no 
differences  among  the  DNAs  of  our 
three  subspecies  of  M.  musculus. 

In  contrast,  sequences  in  the  high- 
temperature,  rapidly  reassociating  frac- 
tion of  M.  musculus  DNA  appeared 
essentially  unrelated  to  the  repeated 
sequences  of  rat  DNA,  even  when  an- 
nealing was  performed  at  50°C  in  0.14 
M  PB.  For  example,  net  reaction  of  the 
tracer  with  rat  DNA  at  C0t  8  X  10_1 
was  less  than  5%.  The  tracer  thus  con- 
sists of  one  or  more  families  of  repeated 
sequences  present  in  very  high  multi- 
plicity in  M.  musculus  DNA  but  in  low 
multiplicity,  if  at  all,  in  rat  DNA. 

Reaction  of  the  high-temperature, 
rapidly  reassociating  fraction  with  M. 
caroli  DNA  was  clearly  different  from 
its  reaction  with  either  homologous 
DNA  or  rat  DNA.  While  at  least  89% 
of  the  fraction  did  reassociate  in  the 
presence  of  M.  caroli  DNA,  the  reaction 
proceeded  roughly  ten  times  slower  than 
with  M.  musculus  DNA  (Fig.  36).  The 
thermal  stability  of  the  heterologous 
duplexes,  furthermore,  was  quite  low: 
most  of  them  eluted  from  HAP  at  70 °C 
or  below  in  0.14  M  PB.  This  was  also 
found  to  be  true  when  the  fraction  was 
reassociated  with  DNA  from  M.  cervi- 
color.  Most  homologous  duplexes  (i.e., 
tracer  -4-  M.  musculus  DNA),  on  the 
other  hand,  dissociated  above  80°C  (Fig. 
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37).  Thus,  the  family  or  families  repre- 
sented in  the  M.  musculus  fraction  are 
present  in  rather  high  multiplicity  in  M. 
car  oil  DNA.  But  the  low  thermal  sta- 
bility of  the  cross-product  demonstrates 
that,  though  related,  these  families  are 
considerably  different  in  the  two  species 
of  Mus.  The  same  conclusion  was 
drawn  from  our  studies  with  the  sepa- 
rated strands  of  mouse  satellite. 

The  above  experiments  have  dealt 
exclusively  with  a  very  rapidly  reasso- 
ciating  fraction  of  M.  musculus  DNA. 
Whether  its  less  highly  reiterated  se- 
quences are  also  quite  different  in  DNA 
of  the  two  Mus  species  has  also  been 
tested.  Sheared  3H-M.  musculus  DNA 
which  had  not  reassociated  following 
incubation  at  50  °C  in  0.14  M  PB  to 
C0t  <—  3  X  10~2  was  collected  (~  85% 
of  total  DNA)  and  subsequently  incu- 
bated with  either  M.  musculus  or  M. 
car oli  DNA  to  C0t  10  at  50  °C.    In  each 
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Fig.  38.  The  85%  of  3H-M.  musculus  DNA 
which  did  not  reassociate  following  incubation 
to  Cot  2  X  10"2  was  allowed  to  react  with  either 
M.  musculus  or  M.  car  oli  DNA  to  Cot  10  at 
50 °C.  The  sample  was  applied  to  HAP  at  50 °C 
and  eluted  in  5°  increments. 
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Fig.  37.  The  high-temperature  fraction  of  3H- 
M.  musculus  DNA  described  in  the  legend  to 
Fig.  36  was  incubated  with  M.  musculus  or  M . 
car  oli  DNA  to  Cot  9  X  10"1  at  50°  C  in  0.14  M 
PB.  The  sample  was  applied  to  HAP  at  50  °C 
and  eluted  in  10°  increments. 


case  about  26%  of  the  tracer  reasso- 
ciated with  the  added  DNA,  and  as 
shown  in  Fig.  38  the  thermal  stability  of 
the  products  was  quite  similar.  Thus, 
the  less  highly  repeated  sequences  of  M. 
musculus  DNA  are  very  similar  on  the 
average  to  their  counterparts  in  M. 
car  oli  DNA,  and  it  is  predominantly  the 
very  highly  reiterated  M.  musculus 
sequences  which  exist  in  quite  different 
form  in  the  DNA  of  M.  caroli. 

Rapidly  Reassociating  M.  caroli  DNA 

Like  M.  musculus  DNA,  M.  caroli 
DNA  has  sequences  that  reassociate 
rapidly  and  to  very  high  thermal  sta- 
bility; these  have  been  isolated  and 
tested  for  relatedness  to  other  rodent 
DNAs.  The  findings  parallel  those  re- 
ported above  for  similarly  isolated  DNA 
sequences  in  M.  musculus. 

Sheared,  denatured  3H-M.  caroli  DNA 
was  incubated  to  C0t  2  X  10"2  in  0.14  M 
PB  at  50°C.  About  13%  of  the  DNA 
bound  to  HAP  at  50 °C,  slightly  less 
than  half  of  which  eluted  above  80°C. 
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This  high-temperature  fraction  reasso- 
ciated  rapidly  with  excess  unlabeled  M. 
caroli  DNA,  and  the  product  exhibited 
high  thermal  stability.  For  example, 
91%  of  the  tracer  bound  to  HAP  after 
incubation  to  C0t  2  X  10_1  (tracer  self- 
reaction  was  about  22%,  consisting  en- 
tirely of  material  that  appears  to  reasso- 
ciate  instantaneously).  On  the  other 
hand,  there  appears  to  be  a  very  limited 
relationship  between  this  M.  caroli  frac- 
tion and  the  repeated  sequences  of  rat 
DNA:  less  than  9%  of  the  tracer  was 
able  to  reassociate  with  rat  DNA  at 
C0t  (rat)  2  at  50°C. 

Reaction  of  the  M.  caroli  fraction 
with  M.  musculus  DNA  produced  quite 
different  results.  First,  very  little  of  it 
(less  than  7%)  was  able  to  reassociate 
with  our  satellite  L  strand  preparation 
at  50°C.  However,  much  of  the  fraction 
(at  least  46%)  is  related  to  other  re- 
peated sequences  in  M.  musculus  DNA, 
and  as  shown  in  Fig.  39  the  heterologous 
product  is  predominantly  one  of  low 
thermal  stability.  Thus,  there  exists  a 
class  of  M.  caroli  DNA  molecules 
which  appear  unrelated  to  mouse  satel- 
lite and  which  exhibit  quite  different 
binding  properties  to  M.  caroli  and  M. 
musculus  DNAs.  Judging  from  the  high 
thermal  stability  of  the  homologous 
product,  many  very  similar  copies  of  a 
sequence  (or  sequences)  have  been 
added  to  the  M.  caroli  genome  since  the 
divergence  of  these  two  Mus  species. 
Like  the  mouse  satellite,  this  new  family 
(or  families)  may  have  arisen  through 
amplification  of  a  member  of  a  much 
older  family  of  repeated  sequences. 

Interestingly,  the  rapidly  reassociat- 
ing  high-temperature  M.  caroli  fraction 
reassociates  much  faster  and  to  higher 
thermal  stability  with  M.  cervicolor 
DNA  (64%  net  binding  by  C0t  4  X 
10"1)  than  with  M.  musculus  DNA  (Fig. 
39).  Thus,  M.  cervicolor  DNA  appears 
more  closely  related  to  M.  caroli  DNA 
than  does  M.  musculus  DNA. 

Finally,  it   is  instructive  to   consider 
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Fig.  39.  Reassociation  of  a  3H-M.  caroli  DNA 
fraction  with  other  DNAs.  To  prepare  the  frac- 
tion, sheared  denatured  3H-M.  caroli  DNA  was 
incubated  to  Cat  2  X  10"2  in  0.14  M  PB  at  50° C, 
applied  to  HAP,  and  eluted  with  increasing  tem- 
perature. The  5.5%  of  the  total  DNA  which 
eluted  above  80 °C  was  incubated  with  various 
other  DNA  as  follows:  (A)  3H-M.  caroli  frac- 
tion plus  excess  unlabeled  M.  caroli  DNA  to 
Cot  2.10"1.  91%  of  the  tracer  bound  to  HAP. 
(B)  3H-M.  caroli  fraction  plus  M.  cervicolor 
DNA  to  Cot  4  X  10-1.  86%  of  the  tracer  bound 
to  HAP.  (C)  3H-M.  caroli  fraction  plus  M. 
musculus  DNA  to  Cot  11.  68%  of  the  tracer 
bound  to  HAP.  (D)  3H-M.  caroli  fraction  alone. 
22%  of  the  tracer  bound  to  HAP. 


the  extensive  genome  changes  that  have 
accompanied  the  divergence  of  M.  mus- 
culus and  M.  caroli.  While  the  less 
highly  repeated  sequences  appear  on  the 
average  to  be  quite  similar  in  the  two 
genomes,  marked  differences  are  found 
in  their  highly  repeated  elements.  The 
M.  musculus  satellite,  the  three  M.  caroli 
satellites  that  Sutton  has  identified,  and 
the  M.  caroli  family  (or  families)  de- 
scribed in  this  section  apparently  all 
result  from  large-scale  additions  to  their 
respective  gertomes  since  their  diverg- 
ence. Thus,  changes  in  the  repeated 
sequences  of  the  DNA,  at  least  among 
these  species  of  mice,  appear  frequent 
indeed. 
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Cooperative  Research  at  the 

California  Institute  of 

Technology 

A  research  program  (supported  by 
Public  Health  Service  grant  HD05753 
and  National  Science  Foundation  grant 
GB-33441x)  on  the  mechanism  of  the 
regulation  of  genetic  activity  is  being 
carried  out  at  the  California  Institute  of 
Technology  under  the  joint  direction  of 
Eric  Davidson,  Associate  Professor  of 
Developmental  Biology  at  Caltech  and 
Roy  Britten,  member  of  the  Biophysics 
Section,  Department  of  Terrestrial  Mag- 
netism. The  work  is  being  done  both  at 
the  main  campus  in  Pasadena,  Califor- 
nia, and  at  the  Kerckhoff  Marine  Lab- 
oratory at  Corona  del  Mar,  California. 
One  approach  has  been  to  ask  if  the 
repeated  sequences  in  DNA  have  a  func- 
tion in  gene  regulation  or  some  other 
function  that  might  be  recognized  from 
their  arrangement  in  the  genome  and 
their  expression  in  nuclear  and  cyto- 
plasmic RNA.  The  sea  urchin  (Stron- 
gylocentrotus  purpuratus)  and  African 
clawed  toad  (Xenopus  laevis)  were 
chosen  because  they  offer  special  oppor- 
tunities for  examination  of  the  organiza- 
tion of  expressed  DNA  sequences.  RNA 
studies  are  still  in  their  early  stages. 
The  results  of  two  sets  of  measurement 
of  the  organization  of  the  DNA  of  these 
two  species  are  briefly  described  here. 


Sea  Urchin  Repeated  and  Single-Copy 
DNA 

Roy  Britten,  Dale  E.  Graham,  and 
Michael  Henerey 

These  paragraphs  summarize  the  re- 
sults of  a  series  of  measurements  of  the 
frequencies  and  quantities  of  the  re- 
peated and  single-copy  DNA  in  the 
urchin.  The  principal  methods  are:  (1) 
hydroxyapatite  assay  of  the  kinetics  of 
reassociation  of  sheared  DNA;  (2)  sepa- 
ration of  the  DNA  into  different  re- 
peated fractions  by  means  of  binding  to 


hydroxyapatite  after  particular  degrees 
of  reassociation;  (3)  measurement  of 
the  reassociation  and  melting  of  the 
fractions  in  the  spectrophotometer  by 
changes  in  optical  density  at  260  nm; 
(4)  measurement  of  the  reassociation 
kinetics  of  the  fractions  by  hydroxy- 
apatite assay;  (5)  measurement  of  the 
reassociation  of  the  fractions  in  the 
presence  of  an  excess  of  total  sheared 
DNA;  and  (6)  measurement  of  the  re- 
association of  trace  amounts  of  long 
labeled  DNA  fragments  with  an  excess 
of  short  fragment  preparations. 

The  kinetics  of  reassociation  of  total 
DNA.  The  main  curve  on  Fig.  40  shows 
the  overall  reassociation  curve  for  un- 
fractionated  DNA  which  has  been  sheared 
at  50,000  psi.  The  reaction  starts  at 
approximately  C0t  =  0.01  and  ends  at 
about  C0t  10,000.  The  latter  part  of  the 
reaction  is  at  the  rate  expected  for 
single-copy  DNA,  while  the  early  part 
shows  a  rate  that  is  about  5000  times 
faster.  However,  the  reassociation  re- 
actions of  the  various  components  over- 
lap and  additional  measurements  are 
required  to  examine  individual  com- 
ponents. 

Fractionation  with  hydroxyapatite 
and  fraction  histories.  In  these  measure- 
ments samples  are  incubated  in  0.14  M 
neutral  phosphate  buffer  (0.14  M  PB) 
and  passed  over  the  HAP  column  at  the 
same  temperature  and  buffer  concentra- 
tion. The  column  is  washed  with  0.14  M 
PB  and  the  bound  (reassociated)  frac- 
tion is  eluted  with  0.4  M  PB  or  by  rais- 
ing the  temperature  to  98 °C.  For  further 
purification  of  a  component  successive 
incubations  and  fractionations  are  done. 
This  process  yields  a  fraction  whose 
history  may  be  compactly  written  in  a 
self-explanatory  fashion,  indicating  the 
incubation  Cots  and  whether  the  reasso- 
ciated or  not  yet  reassociated  fraction 
was  taken  at  each  stage.  For  example, 
the  "fast  fraction"  described  below  has 
the  following  history:  C0t  116  bound; 
Co*  2.0  bound;  C0t  0.02  bound;  6.5%  of 
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Fig.  40.  Reassociation  of  urchin  DNA.  DNA  extracted  from  Strongylocentrotus  purpuratus 
sperm  or  male  gonads  was  sheared  to  450  nucleotides  long  and  incubated,  and  passed  over  hydroxy- 
apatite  at  50° C  in  0.14  M  PB.  The  percentage  bound  is  plotted  as  a  function  of  equivalent  Cot 
(corrected  to  0.18  M  Na+  according  to  Table  2,  Year  Book  68,  p.  385).  Labeled  DNA  was  pre- 
pared from  H3  thymidine  labeled  embryos.  The  solid  line  with  closed  circles  shows  the  reassocia- 
tion of  total  urchin  DNA.  The  right-hand  curve  with  open  circles  shows  the  binding  of  a  labeled 
single-copy  DNA  preparation  (see  text)  in  the  presence  of  total  unlabeled  DNA.  The  left-hand 
curves  show  the  binding  of  a  "fast"  fraction  (see  text).  Open  triangles:  incubated  in  the  presence 
of  total  DNA;  closed  triangles:  incubated  alone.  The  curves  represent  one  or  more  second-order 
reassociation  components  fitted  to  the  data  by  a  least-squares  computer  program.  The  curve  through 
the  total  DNA  points  is  calculated  from  the  components  listed  on  Table  6,  allowing  for  2% 
"zero  time"  binding  and  5%  nonreassociating  DNA. 


total.  The  last  figure  represents  the  re- 
covery of  DNA  in  the  final  fraction, 
corrected  only  for  DNA  which  was  dis- 
carded in  tails  of  column  washes. 

The  most  repetitive  component.  The 
fast  fraction  whose  history  is  listed 
above  is  clearly  a  highly  repetitive  com- 
ponent, since  it  reassociated  at  Cot  0.02. 
However,  this  urchin  component  appears 
to  be  present  in  fewer  copies  than  the 
fastest  components  seen  in  mammals. 
The  curve  farthest  to  the  left  in  Fig.  40 
shows  the  reassociation  kinetics  of  this 
fraction.  It  appears  to  have  a  rate  con- 
stant of  about  50  (liter/mol  X  sec). 
The  kinetic  complexity  {Year  Book  69, 
p.  503)  is  therefore  about  20,000  nucleo- 
tides. The  curve  second  from  left  on 
Fig.  40  shows  the  kinetics  of  reassocia- 
tion of  this  fraction  in  the  presence  of  a 
50-fold  excess  of  total  unlabeled  DNA. 
Since  the  Cot  is  calculated  from  the  total 
DNA  present,  the  rate  is  reduced  by 
dilution  with  other  components,  indicat- 
ing that  the  component  is  10%  of  the 
total  DNA.  This  result  is  consistent 
with  the  recovery  of  6.5%  in  the  frac- 
tionation, since  the  0.02  C0t  used  in  one 


step  was  too  low  for  complete  recovery. 
The  melting  curve  of  this  component, 
either  by  hydroxyapatite  elution  or  by 
optical  hyperchromicity  (260  nm) ,  is 
very  broad  and  the  Tm  is  about  9°C  be- 
low that  of  native  urchin  DNA.  Thus, 
the  base  matching  is  not  perfect.  The 
imperfect  reassociation  probably  reflects 
a  combination  of  sequence  divergence 
among  the  repeats  and  short  base- 
paired  regions. 

The  least  repetitive  component.  A 
slowly  reassociating  fraction  was  pre- 
pared with  the  following  history:  C0t 
116  bound;  C0t  unbound;  39%  of  total. 
Not  enough  of  this  DNA  was  available 
to  measure  its  reassociation  without 
added  DNA,  since  the  C0t  required  for 
its  reassociation  is  large.  Its  reassocia- 
tion was  therefore  studied  by  mixing  it 
with  unlabeled  total  DNA  (ratio  1/50). 
The  results  are  shown  on  Fig.  41.  This 
curve  indicates  that  the  average  fre- 
quency of  repetition  is  about  30.  Only 
in  one  other  species  {Drosophila)  has  a 
component  been  definitely  established  to 
have  such  a  low  frequency  of  repetition. 
Low-frequency  components  are  of  par- 
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Fig.  41.  Reassociation  of  the  "slow"  compo- 
nent of  urchin  DNA  in  the  presence  of  an  excess 
of  total  unlabeled  DNA.  The  labeled  DNA 
fraction  pedigree  (see  text)  was  Cot  116  bound, 
Cot  0.2  unbound,  39%  of  total.  The  contamina- 
tion expected  from  single-copy  DNA  is  about 
12%.  The  lower  curve  is  the  reassociation  curve 
best  for  the  repeated  part  of  the  fraction  after 
allowance  for  the  expected  single-copy  contami- 
nation. The  half  reassociation  Cot  is  35.  After 
correcting  for  the  effect  of  divergence  on  the 
rate  (fraction  Tm  is  75°C),  the  number  of  copies 
can  be  estimated  to  be  30  ±  10. 


ticular  interest,  since  such  a  small  num- 
ber of  copies  might  well  represent  the 
number  of  related  sequences  required  to 
control  a  battery  of  genes. 

The  intermediate  frequency  repetitive 
components.  Measurements  have  been 
made  previously  42  of  a  fraction  with  the 
following  history:  C0t  126  bound;  C0t 
3.6  bound;  C0t  4.2  bound;  C0t  0.019  un- 
bound; Cnt  0.025  unbound;  17%  of 
total.  In  spite  of  the  repeated  fractiona- 
tion, a  degree  of  heterogeneity  in  rate 
was  exhibited.  Components  with  rate 
constants  between  1  and  10  appeared  to 


be  present.  We  do  not  yet  know  whether 
there  is  a  continuum  of  components  with 
rates  of  reassociation  extending  from 
that  of  the  fast  fraction  down  to  that  of 
single-copy  DNA,  or  if  there  is  a  set  of 
discrete  components.  If  the  components 
are  discrete,  then  there  are  surely  at 
least  three,  and  probably  four,  repetitive 
components  in  addition  to  the  single- 
copy  DNA.  Table  6  gives  the  character- 
istics of  a  minimum  set. 

Single-copy  DNA.  The  expected  rate 
of  reassociation  of  single-copy  DNA  is 
set  by  the  genome  size  of  this  species, 
which  is  about  0.8  picograms  (haploid). 
Under  the  conditions  of  Fig.  40,  the  C0t 
for  half  reaction  of  a  single-copy  DNA 
would  be  about  800.  In  order  to  estab- 
lish the  presence  of  single-copy  DNA 
and  to  estimate  the  quantity,  a  labeled 
fraction  was  prepared  with  the  following 
history:  C0t  7000  bound;  C0t  410  un- 
bound; 31%  of  total.  This  fraction  was 
mixed  with  total  sheared  DNA  in  the 
ratio  of  1/187.  The  resulting  reassocia- 
tion curve  is  the  one  at  the  extreme 
right  of  Fig.  40.  Least-squares  analysis 
of  this  curve  indicates  that  the  major 
part  of  this  fraction  reassociates  with  a 
half-Co*  of  800  ±  100.  About  13%  of 
the  fraction  reassociates  about  20  times 
faster,  suggesting  contamination  by  the 
30-copy  repetitive  component.  Appar- 
ently a  major  part  of  the  urchin  genome 
is  present  as  single  copies — in  other 
words,  does  not  have  other  DNA  se- 
quences   sufficiently    closely    related    to 


TABLE  6.  Minimum  Set  of  Components  in  Sea  Urchin  DNA 


Component 


Quantity 


Rate  Constant      Probable  Frequency 


Complexity 


Fast 

Intermediate 
Slow 
Single  copy 


0.1 
0.27 
0.25 
0.38 


8.2 
0.3 
0.023 
0.00125 


6,000 
250 
20-50 
1 


13,000 

1,000,000 

10,000,000 

300,000,000 


The  rate  constants  listed  in  the  table  are  those  observed  for  the  component  as  it  is  present  in 
total  DNA.  The  intermediate  fraction  is  calculated  from  previous  measurements.  The  other 
three  components  are  determined  from  measurements  shown  on  Figs.  40  and  41.  They  are  identi- 
fied as  a  minimum  set,  since  the  intermediate  region  of  frequencies  may  contain  a  number  of  un- 
resolved components.  In  addition,  other  means  of  fractionation  might  well  subdivide  these  fre- 
quency components. 
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form  duplexes  that  are  stable  at  50  °C  in 
0.14  M  PB.  The  amount  of  this  single- 
copy  DNA  was  estimated  by  least- 
squares  analysis  of  the  overall  reasso- 
ciation  curve.  For  this  analysis,  the  rate 
constant  of  the  slowest  (single-copy) 
component  was  based  on  the  single-copy 
tracer  measurement.  The  results  are 
shown  in  Table  6. 

Arrangement  of  urchin  sequences. 
Most  of  the  components  listed  in  Table 
6  appear  to  be  made  up  of  relatively 
short  sequences  interspersed  with  those 
of  other  components.  The  evidence  for 
this  statement  comes  from  recently  pub- 
lished measurements  in  which  very  small 
quantities  of  long  DNA  fragments  are 
reassociated  with  small  fragments  of 
total  DNA  or  the  intermediate  fre- 
quency fractions.41  In  each  case,  the 
observation  is  that  a  large  fraction  of 
the  long-fragment  DNA  reassociates 
with  the  small  fragments.  The  conclu- 
sion is  that  single-copy  or  other  com- 
ponent sequences  are  present  on  the 
long  fragments  in  addition  to  the  se- 
quences responsible  for  the  reassociation. 
Since  the  long  fragments  are  only  a  few 
thousand  nucleotides,  a  fairly  intimate 
interspersion  of  sequences  is  indicated. 
Further  measurements  are  required  in 
order  to  determine  the  overall  pattern  of 
the  sequences  and  their  locations  in  re- 
lation to  one  another.  The  evidence  on 
the  intermediate  fraction  already  indi- 
cates that  the  individual  member  se- 
quences are  less  than  a  few  hundred  nu- 
cleotides long  and  are  scattered  through 
at  least  half  of  the  total  DNA,  with  aver- 
age spacings  of  5000  nucleotides  or  less. 

Interspersion  of  Repetitive  Sequences 
in  Xenopus  DNA 

E.  Davidson,  C.  Amenson,  B.  Hough, 
and  R.  J.  Britten 

In  each  of  the  species  that  have  so  far 
been  studied  (calf,  sea  urchin,  Droso- 
phila)  measurements  indicate  that  re- 
peated sequences  are  scattered  through- 
out    the     DNA,     interspersed     among 


stretches  of  nonrepeated  sequences.  The 
measurements  summarized  in  these  para- 
graphs show  that  an  intimate  and  exten- 
sive interspersion  is  also  true  for  the 
DNA  of  the  amphibian  Xenopus  laevis. 
These  measurements  are  somewhat  more 
detailed  than  for  the  other  species,  and 
the  interspersion  has  been  studied 
with  several  DNA  fragment  sizes.  The 
principal  method  is  to  assay,  with  hy- 
droxyapatite,  the  reassociation  of  trace 
quantities  of  long  labeled  fragments  with 
an  excess  of  short  fragments.  The  long 
fragments  of  labeled  Xenopus  DNA  (the 
generous  gift  of  Donald  Brown  of  the 
Department  of  Embryology)  were 
sheared  at  chosen  speeds  in  a  blender 
and  their  sizes  determined  by  alkaline 
sucrose  density  gradient  centrifugation. 
The  fragments  were  mixed  with  a  10,000- 
fold  excess  of  450  nucleotide  length  frag- 
ments, denatured,  and  incubated  at 
60 °C  in  0.12  M  PB,  and  the  extent  of 
reassociation  assayed  with  hydroxy- 
apatite  at  60°C  in  0.12  M  PB.  Reasso- 
ciation kinetics  were  determined  in  this 
way  for  four  fragment  sizes  (average 
length  of  700,  870,  1500,  and  3700  nucleo- 
tides), as  well  as  for  the  450  long  bulk 
DNA.  In  each  case  the  principal  com- 
ponents of  the  repeated  DNA  have  es- 
sentially completed  their  reassociation  by 
C0t  10.  In  this  brief  summary  we  present 
only  the  C0t  50  data  shown  on  Fig.  42. 

An  interesting  observation  needs  to  be 
mentioned  before  discussing  the  implica- 
tions of  these  measurements  for  inter- 
spersion of  the  principal  DNA  sequences. 
For  a  number  of  animal  DNAs  there  is  a 
fraction  that  binds  to  hydroxyapatite  at 
very  low  Cot,  before  a  significant  num- 
ber of  collisions  leading  to  reassociation 
have  occurred.  {Year  Book  68,  p.  383). 
Xenopus  DNA  exhibits  this  behavior,  and 
the  evidence  indicates  that  the  sequences 
responsible  are  themselves  widely  inter- 
spersed through  the  DNA.  The  fraction 
that  binds  at  very  low  C0t  binds  almost 
completely  when  passed  over  hydroxy- 
apatite a  second  time.  The  unbound  frac- 
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Fig.  42.  Reassociation  of  Xenopus  laevis  DNA  at  Cot  50  as  a  function  of  fragment  length. 
Sheared,  labeled  fragments  of  various  sizes  were  incubated  with  a  10,000-fold  excess  of  450  long 
fragments  at  60  °C  in  0.12  M  PB  and  assayed  on  hydroxyapatite  in  the  same  conditions.  The  points 
at  450  length  are  the  reassociation  of  the  bulk  DNA,  including  data  from  other  series  of  measure- 
ments. The  remainder  of  the  points  show  the  binding  of  the  labeled  longer  fragments  which  re- 
sulted from  reassociation  with  the  bulk  450  long  DNA.  The  ordinate  "R"  is  the  fraction  reasso- 
ciated,  corrected  for  the  "zero  time  binding  fraction"  and  for  the  approximately  10%  of  each  of 
the  DNA  preparations  which  did  not  reassociate  at  very  high  Cot. 
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tion  does  not  bind  appreciably  in  such  a 
retest.  It  appears  that  this  material  is  a 
specific  fraction  of  the  DNA,  and  we  have 
chosen  to  call  it  the  "zero  time  binding 
fraction."  Sequence  interspersion  is  indi- 
cated by  the  fact  that  the  amount  of 
DNA  in  the  zero  time  binding  fraction 
rises  with  the  fragment  size.  It  is  4%  of 
the  total  DNA  for  450  long  fragments 
and  25%  for  3700  nucleotide  fragments. 
Preparations  of  this  3700  long,  low  C0t 
binding  fraction  were  sheared  to  450 
nucleotides  and  reassociation  kinetics 
measured  in  the  presence  of  excess  un- 
fractionated  450  long  fragments.  The 
kinetics  indicate  that  this  fraction  con- 
tains the  same  ratio  of  repeated  to  single- 
copy  DNA  as  the  total.  As  expected,  the 
amount  of  zero  time  binding  DNA  in  this 
preparation  was  several  times  as  great  as 
in  the  unfractionated  450  long  DNA.  No 
evidence  exists  as  to  the  kind  of  sequence 
responsible  for  the  binding  of  this  frac- 
tion of  DNA.  Whatever  the  sequences 
are,  they  appear  to  be  widely  scattered 
throughout  the  DNA  with  a  similar  ex- 
pectation of  being  adjacent  to  either 
single-copy  or  repeated  sequences.  For 
the  measurements  shown  on  Fig.  42,  cor- 
rection was  made  for  the  zero  time  bind- 
ing fraction  except  for  the  3700  long  prep- 
aration. In  this  case  the  zero  time  binding 
fraction  was  removed  from  the  labeled 
DNA  before  the  measurements  were 
made. 

The  data  of  Fig.  42  show  that  at  C0t 
50  the  amount  of  reassociation  of  the 
labeled  fragments  increases  sharply  with 
fragment  size  from  450  to  800,  then  rises 
more  gently  to  the  3700  length.  The  data 
were  analyzed  by  setting  up  an  artificial 
interspersed  sequence  in  a  computer  and 
adjusting  the  parameters  for  a  least- 
squares  fit  to  the  observed  curve  (Fig. 
42).  The  results  suggest  that  there  is  a 
large  class  of  DNA  in  which  stretches  of 
single-copy  DNA  of  about  1000  nucleo- 
tides are  interspersed  with  short  repeated 
sequences.  There  is  another  large  class  of 
the    DNA    in    which    the    single-copy 


stretches  are  apparently  longer  and, 
finally,  there  may  be  a  class  in  which  re- 
peated sequences  are  rare  or  absent.  At 
the  other  end  of  this  spectrum  of  inter- 
spersion, there  are  probably  some  re- 
peated sequences  which  are  clustered  to- 
gether without  much,  or  any,  single-copy 
sequence  being  present.  In  Xenopus  DNA 
these  clustered  regions  appear  to  be  a 
minority  of  the  total  repeated  DNA. 

Measurements  of  the  hyperchromicity 
of  reassociated  repeated  DNA  support 
the  conclusion  of  an  intimately  inter- 
spersed sequence  arrangement.  Samples 
of  DNA  of  two  fragment  sizes  (450  and 
1400)  were  separately  incubated  to  C0t 
50,  bound  to  hydroxyapatite,  eluted  with 
0.4  M  PB,  diluted,  and  melted  in  the 
spectrophotometer  in  0.12  M  PB  at  260 
nm.  The  hyperchromicities  of  the  two 
preparations  were  17%  and  10%.  In  this 
discussion  the  hyperchromicity  is  defined 
as  the  increase  in  optical  density  from 
60  °C  to  98  °C  expressed  as  a  percentage 
of  the  98°C  value.  The  reassociated 
longer  fragments  apparently  have  exten- 
sive nonreassociated  regions  amounting 
to  something  like  half  of  their  lengths. 

A  little  information  is  available  on  the 
average  length  of  the  interspersed  re- 
peated sequences.  The  17%  hyperchro- 
micity of  the  450  long  DNA  suggests  that 
they  are  shorter,  on  the  average,  than  450 
nucleotides  but  probably  not  as  short  as 
half  of  that.  When  the  reassociated  450 
long  DNA  is  digested  with  a  single-strand 
specific  enzyme  (S-l  from  Aspergillus), 
about  one-third  of  the  DNA  may  be  re- 
covered on  hydroxyapatite  and  this  frac- 
tion shows  a  hyperchromicity  of  25%. 
This  large  hyperchromicity  is  nearly  that 
observed  for  native  Xenopus  DNA  (27%), 
and  thus  the  pairing  of  the  enzyme- 
resistant  regions  is  almost  complete.  The 
severe  requirement  that  the  fragments 
bind  to  hydroxyapatite  after  extensive 
enzyme  treatment  gives  an  underestimate 
of  the  fraction  which  is  in  paired  repeated 
sequence  regions.  Probably  only  one- 
third,  on  the  average,  of  the  length  of  the 
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450  long  fragments  which  contain  re- 
peated sequences  is  unpaired.  This  sug- 
gests that  the  average  length  of  the  inter- 
spersed repeated  sequences  is  in  the  range 
of  300  ±  100  nucleotides. 

The  natural  question  is :  Why  is  such  a 
large  fraction  of  the  single-copy  DNA 
interspersed  with  so  many  short  repeti- 
tive sequence  elements?  It  seems  likely 
that  this  arrangement  carries  out  a  role 
with  selective  value  to  the  species.  The 
lengths  of  the  repeated  and  single-copy 
interspersed  regions  observed  for  Xenopus 
are  consistent  with  the  predictions  of  the 
previously  proposed  model  of  gene  regu- 
lation.43 However,  they  do  not  yet  sup- 
ply a  crucial  test  of  the  model. 

DNA-DNA  Hybridization  Studies  of 
Blue-Green  Algae 

M.  L.  Kelly  and  D.  B.  Cowie 

Blue-green  algae  are  organisms  that 
have  properties  of  both  prokaryotic  and 
eukaryotic  cell  types.  While  they  share 
the  property  of  an  oxygen-evolving 
photosynthetic  system  with  eukaryotic 
algae  and  higher  plants,  they  also  have 
many  of  the  characteristics  of  prokary- 
otic cells;  they  lack  a  well-defined  nu- 
cleus, mitochondria,  golgi  bodies,  plastids, 
vacuoles,  and  an  endoplasmic  reticulum. 
Because  of  this  combination  of  properties, 
blue-green  algae  occupy  a  unique  evolu- 
tionary position  in  the  biological  world 
and  have  been  of  considerable  interest  to 
biologists. 

The  blue-green  algae  have  been  classi- 
fied on  the  basis  of  morphological  and 
biochemical  characteristics.  Several  dif- 
ferent taxonomic  systems  have  been  pro- 
posed, one  of  which  is  presented  in  Table 
7.44  In  general,  all  agree  on  the  grouping 
of  genera  and  disagree  only  on  the  rank 
given  to  the  different  groups.  We  have 
attempted  to  approach  the  question  of 
classification  by  using  DNA-DNA  hy- 
bridization techniques.  These  methods 
have  proved  useful  for  studying  the  taxo- 
nomic   relationships    and    evolutionary 


TABLE  7.  Smith's  Classification  of 
Blue-Green  Algae 


DIVISION: 
ORDER  III: 
SUBORDER 
FAMILY  I: 


SUBORDER 
FAMILY  II: 


II 


Cyanophyta 
Oscillatoriales 
Oscillatorineae 
Oscillatoriaceae 
Oscillatoria  prolifera  (1270)* 
Phormidium  sp.  (485) 
Lyngbya  sp.  (488) 
Lyngbya  sp.  (621) 
Nostochineae 
Scytonemataceae 
Plectonema  boryanum  (594) 
Plectonema  boryanum  (597) 
Fremyella  diplosiphon  (481) 


*  Number  in  parentheses,  University  of  Indi- 
ana Culture  Collection. 


patterns  among  the  bacteria,  the  bacterio- 
phages, and  higher  organisms.  Our  results 
indicate  that  classification  based  on 
morphological  and  biochemical  charac- 
teristics have  not  been  wholly  satisfac- 
tory in  establishing  degrees  of  genetic 
relatedness  among  the  blue-green  algae. 

Results.  To  determine  the  extent  of 
homology  that  exists  between  two  DNAs 
a  reaction  mixture  is  set  up  which  con- 
tains a  labeled  sheared  DNA  present  in 
such  a  low  concentration  that  the  self- 
reaction  is  small  and  an  unlabeled 
sheared  DNA  present  in  a  concentration 
adjusted  to  give  an  80%  reassociation  in 
approximately  20  hours.  The  mixture  is 
heated  to  100°C  to  denature  the  DNA, 
which  is  then  allowed  to  reassociate  in 
0.28  M  phosphate  buffer  at  65 °C.  At  the 
end  of  the  reaction  period  the  mixture  is 
put  on  a  hydroxyapatite  column.  The 
column  is  washed  exhaustively  in  0.14  M 
phosphate  buffer  at  60  °C  to  remove  the 
single-stranded,  nonhybridized  material. 
The  hybrids  formed  during  the  reaction 
are  then  eluted  from  the  column  by  rais- 
ing the  temperature  continuously  to 
100°C  and  collecting  fractions  at  1°C 
intervals.  This  method  allows  determina- 
tion of  the  fraction  of  radioactive  DNA 
which  hybridized  with  the  unlabeled 
DNA,  the  thermal  stability  of  these  hy- 
brids and  that  of  the  reassociated  un- 
labeled DNA  (measured optically).  These 


DEPARTMENT     OF     TERRESTRIAL     MAGNETISM 


277 


measurements  indicate  the  degree  of 
homology. 

To  provide  another  internal  standard 
and  to  demonstrate  the  reproducibility  of 
this  method  3B.-E.  coli  DNA  was  allowed 
to  reassociate  to  a  C0t  of  4  (50%  reasso- 
ciation)  in  many  of  the  blue-green  algae 
reaction  mixtures.  Cumulative  data  from 
these  experiments  showed  a  mean  Te  (the 
temperature  at  which  50%  of  the  radio- 
labeled DNA  has  eluted)  for  E.  coli  of 
87.1  °C  with  a  standard  deviation  of  only 
1.1  °C.  The  E.  coli  Te  reported  here  is 
similar  to  that  reported  by  Britten  and 
Kohne  (1968).45  Percent  binding  for  the 
E.  coli  had  a  standard  deviation  in  these 
experiments  of  5.6. 

Homologous  reactions  were  carried  out 
for  the  BGA  species  studied.  Figure  43a, 
which  shows  the  elution  profile  of  32P- 
Plectonema  boryanum  (597)  DNA  with 
excess  unlabeled  P.  boryanurn  (597) ,  was 
typical  of  the  results  obtained  for  each 
species.  The  extent  to  which  the  labeled 
DNA  reacts  with  the  unlabeled  DNA  was 
high  (85%  reassociation  when  the  Cot 
was  selected  for  80%  reassociation). 
Their  two  melting  profiles  were  very 
similar.  The  self-reaction  of  the  labeled 
DNA  alone,  under  identical  conditions, 
was  3%.  Figure  43b  is  an  integral  plot  of 
the  same  data.  The  Te  of  the  labeled 
DNA  (86.0°C)  was  not  significantly  dif- 
ferent from  that  of  the  unlabeled  DNA 
(86.5 °C)  and  reflected  a  G  +  C  content 
very  close  to  that  of  the  E.  coli  standard 
(50%  G  +  C),  which  had  a  2%  of  87.1  °C 
under  these  conditions. 

Heterologous  reactions  were  carried  out 
under  the  same  conditions  used  for  the 
homologous  reactions.  Table  8  shows  the 
hybridization  reactions  between  genera  in 
the  family  Oscillatoriaceae.  Phormidium 
sp.  (485) ,  Lyngbya  sp.  (488) ,  Oscillatoria 
prolifera  (1270) — all  members  of  this 
family — were  expected  to  exhibit  a  high 
degree  of  homology  with  one  another. 
When  the  DNA  from  any  two  of  these 
family  members  was  reacted  together,  the 
percent  hybridization   and   the  thermal 


stability  of  the  hybrids  formed  were  very 
similar  to  those  of  the  corresponding 
homologous  reactions,  thus  indicating 
their  close  genetic  relatedness.  Surpris- 
ingly, Lyngbya  sp.  (621),  another  mem- 
ber of  this  family,  showed  no  detectable 
reaction  with  Phormidium  sp.  (485)  or 
Lyngbya  sp.  (488)  and  apparently  shares 
no  homology  with  them. 

Table  8  also  shows  hybridization  stud- 
ies involving  members  of  the  family 
Scytonemataceae.  P.  boryanum  (594) 
and  P.  boryanum  (547)  were  reacted  to- 
gether and  their  percent  hybridization 
and  thermal  stability  indicated  almost 
complete  homology.  However,  as  in  the 
family  Oscillatoriaceae  one  member, 
Fremyella  diplosiphon  (481),  was  found 
in  this  family  that  showed  no  detectable 
reaction  with  the  other  two  members 
tested. 

Interestingly,  while  no  homology  ap- 
peared to  exist  between  the  Plectonema 
strains  and  F.  diplosiphon  (481),  a  high 
degree  of  homology  was  found  to  exist 
between  both  Plectonema  strains,  Lyng- 
bya sp.  (488) ,  Phormidium  sp.  (485) ,  and 
O.  prolifera  (1270),  Table  9.  Additional 
data  included  in  this  table  show  that  F. 
diplosiphon  (481)  did  not  form  hybrids 
with  any  member  tested  in  the  family 
Oscillatoriaceae;  nor  did  the  two  strains 
of  P.  boryanum  react  with  Lyngbya  sp. 
(621). 

Discussion.  Close  genetic  relationships 
were  found  among  some  algae  that  had 
been  grouped  into  families  on  the  basis 
of  structural  and  biochemical  properties 
alone;  Phormidium  sp.  (485),  Lyngbya 
sp.  (488),  and  Oscillatoria  prolifera 
(1270)  in  family  Oscillatoriaceae  were  all 
homologous,  as  were  two  strains  of  Plec- 
tonema boryanum  in  family  Scytonema- 
taceae.  However,  genetic  relatedness 
within  family  groups  was  not  exhibited 
by  all  algae;  Lyngbya  sp.  (621)  and 
Fremyella  diplosiphon  (481)  showed  no 
homology  with  members  in  their  respec- 
tive families.  Furthermore,  the  results 
demonstrated  that  algae  classified  into 
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Fig.  43A.  Thermal  elution  profile  of  the  homologous  reaction  of  Plectonema  boryanum  (597). 
A  mixture  of  denatured  32P-Plectonema  boryanum  DNA  and  cold  Plectonema  DNA  was  incu- 
bated in  0.28  M  phosphate  buffer  at  65°C  to  Cots  of  0.03  and  60,  respectively.  The  bound  material 
(88%  of  total)  was  eluted  from  the  column  in  0.14  M  PB  phosphate  buffer  by  raising  the  tem- 
perature continuously  to  100°C  and  fractions  were  collected  at  1°C  intervals  and  assayed  for 
radioactivity.  Open  circles:  32P-labeled  P.  boryanum  (597);  closed  circles:  unlabeled  P.  boryanum 
(597)  DNA. 
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Fig.  43B.  The  integral  plot  of  data  from  Fig.  43A.   Open  circles:  3"P-labeled  P.  boryanum  (597) 
DNA;  closed  circles:  unlabeled  P.  boryanum  (597)  DNA. 
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different  families  could  be  close  genetic 
relatives.  This  was  true  of  the  Plectonema 
strains  which  exhibited  a  high  degree  of 
homology  with  three  members  of  family 
Oscillatoriaceae:  Phormidium  sp.  (485), 
Lyngbya  sp.  (488),  and  0.  prolifera 
(1270). 

Plectonema  is  classified  in  the  family 
Scytonemataceae  because  it  exhibits  false 
branching.  However,  this  appears  to  be 
the  only  major  difference  between  Plec- 
tonema and  the  members  of  the  family 
Oscillatoriaceae.  Furthermore,  the  main 
distinguishing  feature  of  Plectonema's 
family,  heterocyst  formation,  is  not  char- 
acteristic of  Plectonema.  F.  diplosiphon, 
a  member  of  family  Scytonemataceae  but 
apparently  unrelated  to  the  two  Plecton- 
ema boryanum  strains  tested,  does  form 
heterocysts.  It  becomes  clear  then  that 
P.  boryanum  (597)  and  (594)  should  be 
classified  with  Phormidium  sp.  (485), 
Lyngbya  sp.  (488),  and  0.  prolifera  (1270), 
and  that  F.  diplosiphon  (481)  should  be 
grouped  separately ;  false  branching  may 
not  be  of  great  taxonomic  significance.  It 
is  important  to  note  here  that  the  use  of 
true  branching  as  a  criterion  for  segregat- 
ing algae  has  also  been  questioned. 
Singh  and  Tiwari  (1969)46  reported  UV 
induction  of  a  mutation  that  leads  to  true 
branching  in  a  typically  unbranched 
species.  (True  branching  is  the  distinc- 
tive feature  of  algae  comprising  the 
family  Stigonemataceae.) 

To  date,  this  work  appears  to  have  un- 
covered three  distinct  groups  of  algae — a 
group  to  which  Lyngbya  sp.  (621)  belongs, 
a  group  to  which  Fremyella  sp.  (481) 
belongs,  and  a  group  to  which  Phormi- 
dium sp  (481),  Lyngbya  sp.  (488), 
Oscillatoria  sp.  (1270),  and  Plectonema 
sp.  (594)  and  (597)  belong — that  have 
diverged  from  one  another  to  the  point  of 
being  completely  unrelated  genetically. 
We  are  continuing  to  use  DNA-DNA  hy- 
bridization techniques  in  our  approach  to 
unravel  evolutionary  relationships  among 
the  blue-green  algae. 


Some   Aspects   of   RNA-DNA 
Hybridization  Kinetics 

N.  A.  Straus  and  T.  I.  Bonner 

RNA-DNA  hybridization  kinetics  have 
been  used  to  study  the  repetition  fre- 
quencies of  transcribed  sequences  in 
much  the  same  manner  as  DNA  reasso- 
ciation  kinetics.  We  have  studied  two 
aspects  of  the  kinetics  of  hybridization. 
One  of  these  aspects  is  the  temperature 
dependence  of  the  rate  of  reaction,  and 
the  other  is  the  effect  of  using  a  moderate 
excess  of  DNA  to  RNA  instead  of  the 
usual  conditions  of  either  large  RNA  or 
DNA  excess.  The  reason  for  using  a  mod- 
erate excess  is  that  it  alleviates  the  mate- 
rial requirements  for  studies  of  scarce 
RNA  species.  Also,  this  condition  may 
have  been  used  inadvertently  in  studies 
of  broad  classes  of  RNA  where  some  of 
the  sequences  may  be  much  more  abun- 
dant than  others. 

The  kinetics  of  DNA-DNA  reassocia- 
tion and  DNA-RNA  hybridization  in  free 
solution  can  be  calculated  if  one  assumes 
them  to  be  determined  by  second-order 
rate  equations  of  the  form: 


dDJdt  =  —  K^iDz 

dD2/dt  =  —K1DlD2 
dR/dt  =  —K2D2R 


(1) 

K2D2R    (2) 

(3) 


where  R  is  the  concentration  of  unreacted 
but  reactive  RNA,  and  Di  and  D2  are  the 
concentrations  of  the  two  strands  of 
DNA,  D2  referring  to  the  strand  which  is 
complementary  to  the  RNA.  The  rate 
constant  Kx  is  for  the  reassociation  of  the 
DNA  which  is  complementary  to  the 
RNA  and  can  be  expected  to  differ  from 
the  rate  constant  for  the  reassociation  of 
the  bulk  DNA.  When  either  the  RNA  or 
the  DNA  is  in  vast  excess,  the  equations 
can  easily  be  solved  to  give  an  analytic 
solution.  However,  in  the  intermediate 
case  it  is  necessary  to  solve  the  equations 
numerically. 

When  these  calculations  are  done,  it 
can  be  seen  that  the  shape  of  the  hybrid- 
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ization  curve  when  plotted  as  extent  of 
reaction  versus  the  logarithm  of  C0t  de- 
pends only  on  the  ratio  of  the  rates  K2/Kx 
and  the  ratio  R0  of  initial  concentration 
of  RNA  to  complementary  DNA.  If  these 
ratios  are  held  constant  but  Kx  (and 
therefore  K2)  is  varied,  then  the  curve 
has  the  same  shape  but  shifts  to  smaller 
or  larger  values  of  C0t  depending  on 
whether  Kx  is  increased  or  decreased.  The 
competition  between  the  RNA  and  Di  for 
the  complementary  DNA  strand  D2, 
which  is  less  abundant  than  the  sum  of 
R  and  D,  means  that  neither  Z>i  nor  the 
RNA  will  react  to  an  extent  of  100%.  As 
the  ratio  of  K2/K\  decreases,  the  extent 
of  reaction  of  the  RNA  will  decrease  with 
a  corresponding  increase  for  D%.  Most  of 
these  features  are  illustrated  in  Figs.  44 
and  45. 

The  fact  that  the  terminal  value  for 
the  extent  of  hybrid  formation  can  be 
substantially  less  than  100%  means  that 
care  should  be  exercised  in  normalizing 
data  that  do  not  reach  100%  reaction. 
Such  normalization  is  often  done  in  the 
belief  that  there  should  be  100%  reac- 


Fig.  45.  The  terminal  value  for  extent  of  re- 
action F  as  a  function  of  the  ratio  Ro  of  initial 
concentrations  of  RNA  to  DNA.  The  different 
curves  are  labeled  with  the  corresponding  values 
of  the  rate  constant  ratio  K2/Ku  The  curves 
have  been  calculated  using  the  equation  KJ K^ 
=  log  (1  —  F)/log  (F  +  log  Ro)  which  can  be 
derived  from  equations  1-3  for  the  usual  case  in 
which  the  complementary  DNA  strands  are  in 
equal  initial  concentration. 


o    06 
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Fig.  44.  Theoretical  hybridization  curves  cal- 
culated for  a  value  of  Ro  =  0.09  and  A'i  =  1. 
The  various  solid  curves  are  labeled  with  the 
corresponding  value  of  the  ratio  of  the  rate  con- 
stants Kt/Ki.  The  dashed  curve  shows  the 
second-order  curve  to  be  expected  for  K2  —  Ki 
and  Ro  negligibly  small.  Co  is  the  initial  con- 
centration of  both  strands  of  DNA. 


tion.  However,  it  is  possible  that  with 
broad  classes  of  RNA  some  sequences  are 
sufficiently  abundant  that  the  conditions 
of  moderate  excess  actually  apply. 

The  kinetics  of  reassociation  of  E.  coli 
DNA  and  hybridization  of  ribosomal 
RNA  to  the  DNA  for  a  series  of  tempera- 
tures are  shown  in  Fig.  46.  The  shapes  of 
the  hybridization  curves  are  generally 
those  of  the  theoretical  curves  in  Fig.  44 
with  K2/Ki  =  0.5.  The  striking  feature 
of  the  data  is  that  the  relative  rate  of 
hybridization  compared  to  the  total  DNA 
reassociation  rate  appears  to  increase 
with  temperature,  while  the  shape  of  the 
hybridization  curves  does  not  change 
much  with  temperature.  This  means  that 
the  rate  of  rDNA  reassociation  must  be 
increasing  with  respect  to  that  of  the  bulk 
DNA.    This  is  confirmed  by  the  values 


DEPARTMENT     OF     TERRESTRIAL     MAGNETISM 


283 


h- 


0.2- 


0.4 


0.6 


0.8 


(J 

< 

UJ 

or 

1.0 

7? 

o 

0? 

\- 

o 

< 

cc 

0.4 

50°C  \ 


h^t 


55°C 


0.6 


0.8 


65°C 


70°C 


75°C 


0.1  1.0  10  100      0.1  1.0  10  100      0.1 

CQt    (mole  xsec/liter) 


i.o 


100 


Fig.  46.  DNA:DNA  reassociation  and  rRNA:DNA  hybridization  curves  at  different  incubation 
temperatures.  The  fraction  of  DNA  reacted  as  measured  by  adsorption  to  hydroxyapatite  is  indi- 
cated by  plus  signs.  The  fraction  of  RNA  reacted  as  measured  after  RNasing  at  room  tempera- 
ture is  indicated  by  circles  for  measurement  by  hydroxyapatite  binding  and  by  triangles  for  meas- 
urement by  TCA  precipitability. 


of  the  parameters  in  Table  10,  which  were 
obtained  by  a  least-squares  fitting  of  the 
data. 

The  values  obtained  for  the  number  of 
copies  of  ribosomal  cistrons  per  genome 
vary  by  a  factor  of  about  8  over  the 


temperature  range  50  to  75  °C.  Further- 
more, the  experimentally  determined 
number  of  copies  increases  with  increas- 
ingly stringent  criteria  of  sequence 
matching,  whereas  one  might  naively  ex- 
pect that  the  apparent  number  of  copies 


TABLE  10.   Temperature  Dependence  of  Rate  Constants 


Temperature 

(°C) 

Ki 

K2/K! 

K2 

Kbulk* 

Copiesf 

50 

0.059 

0.25 

0.015 

0.15 

0.8 

55 

0.14 

0.42 

0.057 

0.20 

1.4 

60 

0.32 

0.50 

0.16 

0.25 

2.6 

65 

0.63 

0.56 

0.35 

0.28 

4.5 

70 

0.91 

0.50 

0.46 

0.38 

4.8 

75 

0.90 

0.55 

0.49 

0.27 

6.6 

*  The  measured  rate  constant  for  the  bulk  E    coli  DNA  reassociation. 

t  Number  of  copies  of  ribosomal  DNA  per  genome  is  calculated  as  2Ki/Kbuik  where  the  factor  of 
2  is  the  conversion  factor  between  rate  measured  by  HAP  assay  and  by  pseudohypochromicity. 
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would   decrease   with    a   more   stringent 
criterion. 

As  an  explanation  we  suggest  that  the 
single-stranded  rRNA  and  rDNA  form 
short  base-paired  intrastrand  regions 
which  suppress  the  rate  by  reducing  the 
concentration  of  available  sites  for  initia- 
tion of  the  interstrand  pairing.  Melting 
curves  suggest  that  the  amount  of  intra- 
strand base  pairing  is  considerably 
greater  for  ribosomal  sequences  than  for 
the  total  DNA  at  temperatures  less  than 
70 °C.  The  effect  of  raising  the  incuba- 
tion temperature,  therefore,  would  be  to 
increase  the  rate  for  rDNA  more  rapidly 
than  for  bulk  DNA,  thereby  producing  a 
temperature  dependence  for  the  apparent 
number  of  copies  of  rDNA  in  the  genome. 
The  fact  that  the  degree  of  repetition  can 
be  seriously  underestimated  with  some 
incubation  conditions  means  that  they 
should  be  carefully  chosen  so  that  intra- 
strand structure  is  minimized.  This 
choice  could  be  crucial  for  the  hybridiza- 
tion of  RNA  which  is  known  to  have  a 
large  amount  of  secondary  structure. 

The  Effect  of  Sequence  Divergence 
on  the  Rate  of  Reassociation 

T.  Bonner,  D.  Brenner,  and  R.  Britten 

Previous  results  ( Year  Book  70,  p.  373) 
on  the  rate  of  formation  of  hybrid  pairs 
between  E.  coli  and  Salmonella  typhimu- 
rium  indicated  that  the  effect  of  sequence 
divergence  on  the  rate  of  reassociation  is 
quite  modest;  the  suppression  of  the  rate 
being  about  a  factor  of  2  for  mismatching 
which  causes  a  reduction  in  melting  tem- 
perature of  20 °C.  On  the  other  hand, 
Sutton  and  McCallum  47  have  reported 
results  using  temperature-fractionated 
mouse  satellite  DNA  which  when  extra- 
polated suggest  that  the  suppression  fac- 
tor is  of  the  order  of  20-50  for  similar 
conditions.  In  order  to  resolve  this  large 
discrepancy  we  have  made  additional 
measurements  using  different  experi- 
mental approaches. 

The  first  approach  is  the  measurement 


of  the  reassociation  rate  of  DNA  which 
has  been  deaminated  to  various  extents. 
We  have  used  nitrous  acid  to  deaminate 
denatured  DNA  at  pH  4.2  and  60  °C. 
Under  these  conditions  the  bases  adenine, 
guanine,  and  cytosine  are  changed  to  the 
bases  hypoxanthine,  xanthine,  and  uracil 
with  approximately  equal  probabilities. 
The  substitution  of  these  bases  has  the 
effect  of  reducing  the  amount  of  hydrogen 
bonding  compared  to  untreated  DNA. 
This  process  occurs  at  random  except  that 
it  affects  what  would  have  been  G-C 
base  pairs  approximately  2-3  times  as 
frequently  as  A-T  base  pairs.  Since 
repeated  DNA  is  often  viewed  as  being 
the  product  of  accumulated  mutations  in 
a  large  number  of  copies  of  a  simply  re- 
peating sequence,  the  deaminated  se- 
quences should  be  a  good  analogue  for 
repeated  DNA. 

When  samples  of  bacteriophage  T4  and 
T6  DNA  were  deaminated  and  then  re- 
associated,  the  products  had  broad  melt- 
ing curves  (see  Fig.  47)  similar  to  those 


INCUBATION    TEMPERATURE  (°G) 

Fig.  47.  The  optical  melting  curves  for  de- 
aminated and  undeaminated  T4  DNA  after 
reassociation  to  Cot  ==  30  at  31.7  °C  and  in  0.14 
M  PB. 
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of  most  repeated  DNA  with  melting  tem- 
peratures of  about  25  °C  and  10  °C  below 
that  of  undeaminated  control  DNA.  The 
kinetics  of  reassociation  in  0.14  M  PB 
were  measured  optically  for  both  control 
DNA  and  deaminated  DNA  at  a  variety 
of  incubation  temperatures.  The  results 
are  presented  in  Fig.  48. 

It  is  clear  that  the  deaminated  DNAs 
have  optimum  curves  similar  to  those  of 
the  undeaminated  samples  except  that 
their  optimum  temperatures  are  shifted 
lower  by  about  half  the  difference  in 
melting  temperatures.  Thus,  the  rate 
suppression  will  depend  on  the  incubation 
temperature  in  what  may  be  a  relatively 
simple  manner.  Guided  by  this  observa- 
tion and  by  the  desire  to  separate  the 
dependence  of  the  rate  on  incubation 
temperature  from  its  dependence  on  mis- 
matching, we  have  attempted  to  construct 
a  universal  optimum  curve.  If  we  define 
a  reference  temperature  as  the  mean  of 
the  melting  temperature  of  the  well- 
matched  DNA  and  the  melting  tempera- 
ture of  the  reassociated  poorly  matched 


30  40  50  60  70 

INCUBATION    TEMPERATURE      (°C  ) 

Fig.  48.  Reassociation  rate  as  measured  by 
hypochromic  shift  of  deaminated  and  unde- 
aminated T4  and  T6  DNA  in  0.14  M  PB  as  a 
function  of  incubation  temperature.  Circles: 
undeaminated  T4;  plus  signs:  deaminated  T4 
with  Afm  s=a  25°C;  squares:  undeaminated  T6; 
and  X's:  deaminated  T6  with  ATm  «  10°C. 


-50         -40         -30  -20  -10 

INCUBATION    TEMPERATURE 
RELATIVE  TO  REFERENCE  TEMPERATURE  (°C) 

Fig.  49.  Universal  optimum  curve  calculated 
as  described  in  the  text.  The  symbols  are  the 
same  as  in  Fig.  48. 


material,  then  all  the  data  can  be  plotted 
as  a  function  of  the  difference  between 
the  incubation  temperature  and  the  refer- 
ence temperature.  When  each  set  of  data 
is  normalized  to  a  rate  of  1.0  at  its 
optimum,  the  data  all  fall  within  10-20% 
of  a  single  curve  as  shown  in  Fig.  49.  We 
also  note  that  the  rates  for  E.  coli  DNA 
as  measured  by  hydroxyapatite  binding 
(see  Table  10)  over  the  incubation  tem- 
perature range  of  50-75  °C  would  lie 
almost  exactly  on  the  curve  drawn  in  Fig. 
49. 

A  word  of  caution  about  Figs.  48  and 
49  should  be  mentioned.  The  deaminated 
samples  have  broad  melting  curves  result- 
ing from  a  distribution  in  the  extent  of 
deamination.  As  the  incubation  tempera- 
ture is  raised,  the  final  hypochromicity  of 
the  reassociated  DNA  decreases  from 
20-23%  at  the  lowest  temperatures  to 
approximately  10%  at  the  highest  tem- 
peratures. At  the  same  time,  the  melting 
temperature  of  the  reassociated  product 
rises.  These  effects  are  presumably  due  to 
the  progressive  elimination  of  the  more 
highly  deaminated  fragments  from  the 
reactive  population  as  the  criterion  for 
matching  becomes  more  stringent.  Thus, 
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the  observation  that  the  optimum  tem- 
perature shifts  by  half  the  difference  in 
the  melting  temperatures  can  be  expected 
to  be  correct  only  when  the  melting 
curves  for  diverged  sequences  are  rela- 
tively broad.  Therefore,  the  application 
of  Fig.  49  to  diverged  sequences  is  sub- 
ject to  the  same  condition. 

The  second  method  involved  the  meas- 
urement of  the  reassociation  rate  of  hy- 
brids between  E.  coli  and  Citrobacter 
freundii  DNAs.  This  method  has  the 
advantage  that  the  base  mismatching  is 
actually  due  to  evolutionary  divergence. 
Furthermore,  there  is  essentially  no  re- 
peated DNA  involved,  so  there  are  no 
changes  in  repetition  frequency  with 
changing  criterion  to  confuse  the  meas- 
urement of  the  effect  of  divergence  on 
the  rate  constant. 

The  DNAs  of  E.  coli  and  C.  freundii 
form  hybrid  pairs  with  approximately 
40%  of  their  DNA  (at  60°C  and  in  0.14 
M  PB)  and  with  an  average  melting 
temperature  of  77 °C.  This  corresponds 
to  a  difference  in  melting  temperature  of 
11  °C  from  that  of  the  homologous  pair- 


ings.   Unfractionated  E.  coli  tracer 
reacted  with  excess  C.  freundii  DNA  , 
the  products  were  assayed  by  HAP  bi 
ing  followed  by  elution  with  5°   inc 
ments  in  temperature.   In  all  cases  m 
than  half  of  the  hybrid  pairs  melted 
tween  70  and  85°C   Data  were  obtaii 
for  the  fraction  melting  in  this  range 
a  variety  of  C0t  values  at  incubation  tt 
peratures  of  50°C   and  60°C.    The 
suits,  as  shown  in  Fig.  50,  can  be  fit 
with  the  functional  dependence  presen 
in  last  year's  report  to  give  the  ratio 
the  rates   of   formation  of  heterolog( 
and  homologous  duplexes.    This  ratio 
found  to  be  0.51   at  50°C  and  0.46 
60°C. 

The  universal  optimum  curve  of  Fig. 
can   be  used  to  remove  the  incubati* 
temperature    dependence    of    the    rate 
This  is  done  by  correcting  the  rates  f( 
well-matched  and  poorly  matched  DNjA 
obtained  at  a  given  incubation  tempera 
ture  to  their  optimum  rates.  The  ratio  o 
these  corrected  rates  then  gives  a  singL 
rate  suppression  factor  for  each  class  o. 
divergent  sequences.    When  the  results 


c0t 

Fig.  50.  The  kinetics  of  reassociation  in  0.14  M  PB  for  Citrobacter  DNA  at50°C  (circles)  and 
60°C  (squares)  as  measured  by  hydroxyapatite  binding.  Also  shown  is  the  binding  of  Coli  tracer 
in  the  form  of  Coli-citrobacter  hybrids  which  melt  between  70  and  85  °C  again  at  incubation  tem- 
peratures of  50°C  (plus  signs)  and  60CC  (X's). 
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discussed  here  are  combined  with  the 
Salmonella-Escherichia  results  of  last 
year  and  deaminated  E.  coli  results  by 
both  optical  and  hydroxyapatite  assay,48 
this  factor  is  found  to  be  approximately  2 
per  10°C  shift  in  melting  temperature 
(i.e.,  2ATm/10) .  At  a  given  incubation  tem- 
perature the  observed  suppression  can  be 
calculated  by  using  Fig.  49  to  correct  this 
factor  for  the  rates  of  the  poorly  matched 
and  well-matched  materials  relative  to 
their  optimum  rate.  For  example,  if  the 
incubation  temperature  were  chosen  to 
optimize  the  rate  for  the  poorly  matched 
material,  the  observed  suppression  would 
be  less  than  a  factor  of  2  per  10 °C.   On 


the  other  hand,  it  would  be  more  than  a 
factor  of  2  per  10  °C  if  the  incubation 
were  chosen  to  be  optimal  for  the  well- 
matched  material. 

If  the  results  of  Sutton  and  McCallum 
are  corrected  for  incubation  temperature 
in  the  same  way  as  above,  the  data  give 
a  factor  of  6-8  per  10  °C  shift  in  Tm.  The 
consistency  of  our  combined  results  indi- 
cates that  their  results  with  mouse  satel- 
lite DNA  are  not  representative  of  the 
effects  of  mismatching.  Therefore,  past 
interpretations  of  repeated  DNA  kinetics 
and  interspecies  relationships  do  not  re- 
quire the  drastic  revisions  that  have  been 
suggested. 
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Introduction 

A  perusal  of  past  reports  of  the  De- 
partment from  the  group  concerned  with 
the  properties  and  the  evolution  of  the 
earth  shows  a  remarkable  evolution  in 
itself.  We  were  reconstituted  in  the 
'fifties  as  an  "Earth's  Crust  Section,"  and 
this  was  a  proper  appellation  because  we 
emphasized  studies  of  the  seismic  proper- 
ties of  the  crust  in  various  parts  of  the 
United  States  and  South  America  and  the 
age  patterns  obtained  from  surface  rocks. 
These  observational  data  were  early 
efforts  in  two  fields  which  have  grown 
to  such  a  level  that  they  now  occupy  a 
significant  position  in  academic  and  gov- 
ernmental endeavor.  It  was  never  in- 
tended that  our  interests  should  be  lim- 
ited to  the  crust,  but  it  was  felt  that  in 
order  to  understand  the  mantle  and  core 
of  the  earth  one  must  probe  the  variabil- 

*  Professional  association  listed  on  pages  338- 
340. 


ity  in  the  physical,  chemical,  and  struc- 
tural properties  of  the  outermost  regions 
which  appeared  most  accessible  to  obser- 
vation and  interpretation. 

In  the  'sixties  our  activities  were  ex- 
panded to  include  the  study  of  the  whole 
earth  from  measurable  seismic  para- 
meters and  through  the  geochemical 
distribution  of  both  trace  elements  and 
the  radiogenic  daughter  isotopes  Sr87 
and  Pb206,  Pb207,  and  Pb208.  Electro- 
magnetic techniques  were  also  applied  in 
an  attempt  to  ascertain  the  anomalous 
distribution  of  electrical  conductors  in 
the  Andean  Cordillera.  The  current  ac- 
tivities of  the  group  may  perhaps  be 
characterized  by  efforts  to  understand 
the  processes  by  which  the  present  dis- 
tribution of  land  masses,  earthquake 
activity,  and  the  chemical  elements 
themselves  were  attained.  Several  of  the 
summaries  below  are  related  to  the 
study  of  the  interaction  of  the  Nazca 
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Plate  of  the  Southeast  Pacific  and  con- 
tinental South  America  in  an  effort  to 
contribute  to  the  understanding  of  the 
model  afforded  by  plate  tectonics.  In 
this  process  of  personal  staff  involvement 
leading  toward  intellectual  satisfaction 
and  contributory  to  modes  of  approach 
which  will  last  for  decades,  one  of  us 
has  transferred  his  principal  efforts  from 
seismology  to  geochemistry,  while  an- 
other has  left  geochemistry  to  study 
electrical  conductivity  in  the  crust  and 
upper  mantle.  We  are  grateful  for  such 
opportunity  for  change  and  growth 
within  the  structure  of  the  Institution. 
Much  of  the  work  reported  in  the 
summaries  below  has  received  partial 
and  most  welcome  support  from  the  Na- 
tional Science  Foundation  and  the  Harry 
Oscar  Wood  Fund. 

Geochemistry  and  Geochronology 

As  has  been  true  for  many  years,  the 
vitality  and  excitement  of  the  work  in 
geochemistry  and  geochronology  owes 
much  to  the  daily  interaction  with  our 
counterpart  colleagues  at  the  Geophysi- 
cal Laboratory — T.  E.  Krogh,  G.  L. 
Davis,  J.  Mattinson,  and  A.  Hofmann. 
Reports  of  their  research  and  some  joint 
research  as  well  may  be  found  in  the 
Geophysical  Laboratory  report,  and  the 
interaction  and  stimulation  in  this  area 
should  be  viewed  overall  to  be  properly 
appreciated.  The  inter-lab  sharing  of 
equipment  facilities  is  an  important 
aspect  of  this  interaction,  in  part  because 
it  guarantees  almost  daily  contact  with 
these  colleagues.  Equipment  at  the  Geo- 
physical Laboratory  which  is  important 
to  our  own  research  includes  crushing 
and  grinding  facilities,  an  X-ray  fluo- 
resence  unit,  gas  chromatograph,  elec- 
tron microprobe,  and  high-pressure, 
high-temperature  presses.  It  is  appro- 
priate by  way  of  introduction,  therefore, 
to  acknowledge  the  cooperation  of  the 
Geophysical  Laboratory  in  the  activities 
undertaken  by  the  DTM  Staff  and 
Fellows. 


Sr  Isotopic  Composition  of  the 
Oceanic  Crust 

S.  R.  Hart 

Last  year  ( Year  Book  70)  we  reported 
the  results  of  high  precision  strontium 
isotope  analyses  of  fresh  mid-ocean 
ridge  basalts  (MORB).  Including  addi- 
tional analyses  carried  out  this  past 
year,  the  variation  for  23  samples  from 
three  different  oceanic  ridge  systems 
ranges  from  0.7023  to  0.7033.  Last  year 
it  was  noted  that  values  greater  than 
0.7030  were  restricted  to  one  small  area 
at  45°N  on  the  mid-Atlantic  ridge;  now 
we  have  an  additional  example  from  the 
mid-Indian  Ocean  ridge.  These  anoma- 
lous samples  differ  from  the  more  typical 
MORB  in  showing  generally  less  trace 
element  depletion,  for  example,  K/Rb 
ratios  less  than  600  and  K/Ba  ratios  less 
than  60.  In  this  respect,  they  are  more 
akin  to  the  tholeiites  found  on  islands 
such  as  Hawaii  or  Iceland.  Nevertheless, 
by  and  large,  fresh  MORB  have  trace 
element  characteristics  that  clearly  dis- 
tinguish them  from  tholeiites  from  other 
tectonic  environments.  The  question  is, 
Will  this  character  be  preserved  during 
aging  of  the  oceanic  crust,  and  what 
trace  element  character  would  we  pre- 
dict for  ophiolite  suites,  if  indeed  these 
are  exposed  remnants  of  older  oceanic 
crust? 

The  first  and  most  obvious  problem  to 
investigate  is  the  effect  of  sea  water 
alteration  on  the  trace  element  para- 
meters. Comparison  of  K,  Rb,  Cs,  Ba, 
Sr,  H20,  and  rare  earths  in  fresh  and 
altered  portions  of  dredge  basalt  samples 
has  been  reported  previously.49, 50  We 
have  now  analyzed  these  same  samples 
for  Sr87/Sr86  ratio,  and  the  most  diag- 
nostic of  these  results  are  given  in  Table 
11.  The  first  sample  was  chosen  because 
it  is  completely  fresh:  the  87/86  ratio  is 
identical  for  the  plagioclase  phenocrysts 
and  the  glassy  matrix.  The  next  sample 
showed  only  subtle  visual  evidence  of 
alteration,   though  the  K,   Rb,   and  Cs 
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Sample  No. 

Description 

H20+% 

Sr87/Sr86 

PD1P 

whole-rock 

0.10 

0.70248 

plagioclase 

0.70258 

AD3-3 

interior 

0.56 

0.70232 

glassy  margin 

0.52 

0.70234 

AD5-5 

interior 

0.63 

0.70268 

margin 

0.88 

0.70316 

AD5-18 

interior 

0.44 

0.70314 

intermediate 

0.58 

0.70337 

margin 

0.35 

0.70291 

plagioclase 

0.70263 

95-1 

interior 

0.31 

0.70403 

intermediate 

0.33 

0.70384 

glassy  margin 

0.28 

0.70508 

Values  relative  to  0.70800  for  E&A  standard;  95%  error  limits  range  from  0.00015  to  0.00006. 


showed  marked  differences  between  the 
fresh  interior  and  the  slightly  altered 
margin.  The  87/86  ratio  is  identical  in 
both  zones,  showing  that  the  alkalies 
may  suffer  alteration  before  any  effects 
show  up  in  the  strontium  isotope  com- 
position. The  last  three  samples  all 
showed  marked  visual  evidence  of  al- 
teration, and  the  alkalies  were  strongly 
affected  in  each  case.  In  these  cases  the 
87/86  ratio  also  shows  the  effect  of  sea 
water  alteration,  with  higher  87/86 
ratios  occurring  in  more  highly  altered 
parts  of  the  samples.  Note  the  unaltered 
value  for  the  AD5-18  plagioclase  pheno- 
crysts  and  its  similarity  to  the  value  in 
the  unaltered  interior  of  another  sample 
from  the  same  dredge  (AD5-5) .  In  these 
two  samples  there  is  a  good  correlation 
between  the  H20+  content  and  the 
Sr87/Sr86  ratio,  showing  that  progressive 
alteration  affects  these  two  parameters 
similarly.  The  last  sample  (95-1)  shows 
very  large  variations  in  Sr87/Sr88  in 
different    parts    of    the    specimen.    The 


disturbing  aspect  here  is  that  the  rather 
severe  alteration  is  not  reflected  in  the 
H20+  values — values  less  than  0.4% 
would  normally  be  considered  diagnostic 
of  unaltered  basalt. 

Clearly,  sea  water  alteration  can  in- 
duce profound  changes  in  submarine 
basalt.  The  question  which  is  as  yet  un- 
answered concerns  the  extent  to  which 
the  whole  oceanic  basaltic  crust  is  able 
to  interact  with  sea  water.  Resolution 
of  this  question  will  require  core  sam- 
ples from  some  significant  thickness  of 
the  crust;  the  Deep  Sea  Drilling  Pro- 
gram has  to  date  penetrated  only  the 
upper  surface  of  the  crust,  and  drilling 
of  1  km  or  more  is  several  years  away. 

A  slightly  different  approach  is  to  look 
at  parts  of  the  deeper  oceanic  crust 
which  may  be  tectonically  exposed  so 
that  sampling  by  dredge  can  be  effec- 
tive. Thus  metabasalts  and  sodium-rich 
spilitized  basalts  may  represent  deeper 
oceanic  crustal  levels.  Table  12  lists 
Sr87/Sr86  analyses  of  some  of  these  rock 


TABLE  12. 

Sr 

Isotope  Ratios  in  Submarine 

Spilites  (19,  27)  and  Metabasalt  (3-10) 

Sample 

Sr87/Sr86 

Sr  (ppm) 

H20+ 

19  core 
rim 

27  core 
rim 

3-10 


0.70354 
0.70366 
0.70364 
0.70357 
0.70254 


87 

64 

109 

82 


4.0 
3.9 
3.2 
3.4 
1.5 
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types,  the  first  a  metabasalt  or  green- 
stone from  22 °N  on  the  mid-Atlantic 
ridge  (provided  by  W.  Melson)  and  the 
others  spilites  from  the  Coiba  ridge  (pro- 
vided by  M.  Bass).  While  the  metaba- 
salt Sr87/Sr86  appears  normal,  the  spilite 
Sr87/Sr86  values  are  higher  than  those 
of  fresh  MORB,  and  roughly  similar  to 
the  values  of  basalts  affected  by  sea 
water  alteration  (Table  11).  These 
spilites  show  large  chemical  differences 
between  margin  and  core  of  the  sample 
fragments  but  do  not  show  any  differ- 
ence in  Sr87/Sr86  ratios.  It  is  interesting 
to  note  that  the  spilites  have  an  Na  content 
about  2%  (of  total  sample)  higher  than 
fresh  MORB,  and  that  if  the  source  of 
this  Na  is  sea  water,  the  corresponding 
amount  of  strontium  from  the  sea  water 
would  be  sufficient  to  raise  the  Sr87/Sr86 
ratio  of  basalt  from  0.7029  to  0.7035. 

The  general  conclusion  of  this  work, 
including  the  lherzolite  results  discussed 
below,  is  that  the  oceanic  crust  and 
mantle  which  might  finally  get  exposed 
as  an  "ophiolite-suite"  may  look  con- 
siderably different  geochemically  from 
the  primary  material  that  makes  up  the 
crust  at  the  time  of  its  formation  on  a 
spreading  ridge. 

The  Geochemistry  of  a  Lherzolite  from 
the  Mid-Indian  Ocean  Ridge 

S.  R.  Hart 

Currently  there  is  much  interest  in 
"ophiolite  suites"  (generally  composed 
of  ultramafic  tectonites,  layered  ultra- 
mafics,  gabbros,  sheeted  dike  complexes, 
and  pillow  lavas)  because  of  the  possi- 
bility that  such  suites  may  represent 
oceanic  crust  and  upper  mantle  which 
has  been  exposed  during  collision  of  con- 
tinental and  oceanic  plates.  Though 
many  studies  have  focused  on  these 
suites  where  they  occur  exposed  on  con- 
tinents, relatively  little  effort  has  been 
directed  toward  study  of  the  oceanic 
crust  and  mantle  at  its  source,  i.e.,  on 
the  spreading  ridges.    While  there  is  a 


general  similarity  between  the  ultra- 
mafic  association  of  the  spreading  ridges 
and  ophiolite  suites,  the  genetic  rela- 
tionship is  by  no  means  well  established. 
This  past  year,  a  detailed  study  of  a 
single  ultramafic  sample  dredged  from 
a  spreading  ridge  was  undertaken. 

The  sample  (Circe  97- W)  was  dredged 
from  a  cross- fracture  zone  at  about  17  °S 
on  the  mid-Indian  Ocean  ridge  by  C.  G. 
Engel  and  R.  L.  Fisher  (U.  S.  Geologi- 
cal Survey  and  Scripps  Institution  of 
Oceanography) ,  and  a  slice  was  kindly 
provided  by  these  investigators  for  study 
at  DTM.  The  sample  is  a  lherzolite 
containing  3.6%  A1203  and  5.5%  CaO 
(Engel  and  Fisher,  1969) 51  and  is  com- 
posed of  olivine  (Fo91),  orthopyroxene, 
clinopyroxene,  plagioclase  (An96),  hy- 
drogrossular  garnet,  chromite,  and  ser- 
pentine (/ — -  25%).  Much  of  the  texture 
of  the  rock  suggests  strong  recrystalliza- 
tion,  and  no  unequivocal  evidence  for  a 
cumulate  origin  was  noted.  The  plagio- 
clase and  garnet  are  largely  interstitial, 
though  a  myrmekitic  intergrowth  of 
plagioclase  and  orthopyroxene  was  ob- 
served in  one  area. 

All  phases  were  analyzed  for  major 
elements  on  the  Materials  Analysis 
Corporation  electron  microprobe  at  the 
Geophysical  Laboratory  of  the  Carnegie 
Institution  of  Washington.  The  olivine, 
plagioclase,  garnet,  and  chromite  were 
found  to  be  essentially  constant  in  com- 
position throughout  the  section.  The 
pyroxenes,  however,  showed  marked 
chemical  variation,  commonly  as  a  reg- 
ular zoning  within  single  grains.  This 
effect  is  shown  in  Fig.  51,  where  the 
pyroxene  compositions  are  plotted  on  the 
pyroxene  quadrilateral.  The  major  chem- 
ical variation  in  the  pyroxenes  is  in  the 
CaO  and  AI2O3  contents,  with  negligible 
variation  in  the  MgO/FeO  ratio.  In 
both  the  orthopyroxene  and  clino- 
pyroxene, AI2O3  decreases  toward  the 
edge  of  the  grains.  Concurrently,  the 
CaO  content  of  the  clinopyroxene  in- 
creases, while  that  of  the  orthopyroxene 
decreases.    These    data    show    that    the 
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Fig.  51.    Microprobe  compositions  of  clinopyroxenes  and  orthopyroxenes  from  Circe  Iherzolite. 
Arrows  show  directions  of  zoning  within  single  grains. 


chemical  variations  are  not  those  ex- 
pected from  crystal-liquid  differentia- 
tion, but  rather  indicate  a  subsolidus 
reequilibration  at  progressively  lower 
temperatures.  Temperatures  estimated 
from  the  pyroxene  solvus  of  Boyd 
(1970)52  range  from  about  1200°C  to 
905 °C  (for  a  pressure  of  10  kb  and  with 
allowance  made  for  the  effect  of  AI2O3 
on  the  solvus) . 

Relatively  pure  fractions  of  diopside, 
plagioclase,  and  garnet  were  separated 
from  the  rock  for  trace  element  analysis 
and  the  results  are  given  in  Table  13. 
The  potassium  contents  of  the  primary 
phases  were  shown  to  be  less  than  30-40 
ppm  in  all  cases  (by  microprobe  anal- 
ysis). Thus,  the  higher  alkali  contents 
measured  on  the  separated  plagioclase 
and  garnet  (Table  13)  probably  reflect 
alteration  or  impurities.  The  clino- 
pyroxene  sample  appears  relatively  pure, 


based  on  its  low  potassium  content  (20 
ppm).  The  clinopyroxene  data  can  be 
combined  with  published  partition  co- 
efficient data  (Philpotts  and  Schnetzler, 
1970) 53  to  test  the  hypothesis  that  the 
clinopyroxene  was  once  in  equilibrium 
with  basaltic  liquid.  The  data  are  com- 
patible with  the  hypothesis  that  the 
clinopyroxene  is  a  cumulate  from  typical 
low-K  ridge  basalt  (or  a  residue  after 
partial  melting)  but  are  incompatible 
with  any  equilibria  involving  basalts 
with  higher  contents  of  incompatible 
elements  (such  as  Iceland  tholeiite,  or 
oceanic  island  alkali  basalt).  Because 
of  the  low  K  content  of  all  the  primary 
phases,  this  Iherzolite  is  clearly  incapa- 
ble of  yielding  basaltic  magmas  by  par- 
tial melting  (a  10%  melt  would  contain 
only  i — ■  200  ppm  K) ,  and  thus  it  is 
probably  either  a  cumulate  or  a  residue 
from  a  partial  melting  episode. 


TABLE  13.   Trace  Element  Data  for  Minerals  Separated  from  Lherzolite 


Trace  Element 

Plagioclase 

Garnet 

Clinopyroxene 

K,  ppm 

230 

190 

20 

Rb,  ppm 

0.45 

0.22 

0.55 

Cs,  ppm 

0.008 

0.002 

0.002 

Sr,  ppm 

700 

975 

8.9 

Ba,  ppm 

7.1 

11.9 

1.71 

Sr87/Sr86 

0.70895 

0.70887 

0.7067 

292 


CARNEGIE     INSTITUTION 


The  most  unusual  aspect  of  the  data 
in  Table  13  is  the  high  Sr  content  and 
Sr87/Sr86  ratio  of  the  plagioclase  and 
garnet.  Although  these  phases  are  minor 
constituents  of  the  lherzolite  (<  10%), 
they  account  for  more  than  95%  of  the 
total  Sr  content  of  the  rock.  The 
Sr87/Sr86  ratio  of  both  phases  is  essen- 
tially identical  to  that  of  sea  water 
(0.7091),  and  it  may  be  possible  to  ex- 
plain both  the  high  Sr  contents  and  the 
sea  water  Sr87/Sr86  ratio  by  postulating 
that  the  plagioclase  (and  garnet)  formed 
at  high  temperature  by  reactions  be- 
tween the  lherzolite  and  sea  water.  The 
Ca/Na  exchange  data  of  Orville  (1972)54 
between  plagioclase  and  chloride  solu- 
tions suggest  that  a  rather  calcic  plagio- 
clase {> — '  An  90)  would  be  in  equilibrium 
with  sea  water  at  700  °C  and  2000  bars 
(in  a  system  of  ultramafic  mineralogy) . 
Higher  temperatures  would  favor  an 
even  more  calcic  plagioclase,  though 
Orville  does  not  give  sufficient  data  to 
permit  a  more  exact  calculation.  The 
Sr  content  of  sea  water  is  7  ppm;  thus 
the  partitioning  between  plagioclase  and 
sea  water  would  have  to  be  of  the  order 
of  100  to  explain  the  high  Sr  content  of 
the  plagioclase.  Partition  coefficients  of 
this  magnitude  have  been  reported  for 
rare-earth  distribution  between  various 
minerals  and  aqueous  fluid  (Cullers  et  al., 
1972). 55  It  is  possible  that  sea  water 
interaction  has  affected  other  oceanic 
ultramafic  rocks,  and  whole-rock  geo- 
chemistry on  such  samples  must  be 
viewed  with  some  caution.  Anomalously 
high  Sr87/Sr86  ratios  (up  to  0.723)  have 
been  reported  for  peridotites  from  frac- 
ture zones  on  the  mid-Atlantic  ridge 
(Bonatti  et  al.,  1970), 5G  but  since  many 
of  the  values  exceed  even  that  of  sea 
water  they  are  difficult  to  explain  solely 
by  the  above  mechanism.  Marine  sedi- 
ments frequently  have  Sr87/Sr8G  ratios 
that  exceed  sea  water  values  (Dasch 
et  al.,  1966) 57  and  it  is  conceivable  that 
the  peridotite  strontium  has  been  af- 
fected by  some  form  of  exchange  with 
deep  ocean  sediments. 


An  Unusual  Basalt  from  an  Archean 

Metavolcanic  Belt  near  Wawa, 

Ontario 

C.  Brooks  and  S.  R.  Hart 

As  part  of  the  ongoing  project  to  study 
the  geochemistry  of  Archean  (2.7  b.y.) 
volcanics,  we  have  completed  bulk  chem- 
ical analyses  of  the  samples  for  which 
we  previously  reported  trace  element 
and  Sr  isotopic  results  (Year  Book  68). 
One  of  these  samples  (V53) ,  a  pillow 
basalt  from  the  upper  series  volcanics 
of  the  Michipicoten  belt  (Goodwin, 
1962) 58  is  of  rather  unusual  chemistry 
(Table  14) ,  being  high  in  MgO,  low  in 
alkalies,  and  having  a  high  CaO/Alo03 
ratio.  There  seems  to  be  no  common 
class  of  modern-day  basalts  which  is 
chemically  analogous  to  this  Archean 
basalt;  the  closest  group  would  be  the 
picritic  basalts,  and  although  these  are 
characterized  by  high  MgO  contents, 
they  do  not  have  high  CaO/Al203 
ratios.  Basalts  similar  to  V53  are  also 
found  in  Archean  volcanic  belts  in  South 
Africa  and  Australia  (Viljoen  and  Vil- 
joen,  1969;  59  Nesbitt,  1971  60)  and  ap- 
pear to  be  part  of  a  general  mafic-ultra- 
mafic  rock  association  which  has  been 
termed  the  "komatiite"  association  by 
Viljoen  and  Viljoen  (1969).  The  chem- 
ical character  of  the  komatiite  associa- 
tion is  best  shown  in  terms  of  the 
components  MgO-CaO-Al203,  and  some 
of  the  members  of  this  association  are 


TABLE    14.    Major  Element   Composition    of 

Archean    Metabasalt,    Wawa,    Ontario 

(recalculated  volatile-free) 


Si02 

48.85 

Ti02 

1.14 

A1203 

7.55 

FeO 

11.09 

Fe203 

2.02 

MnO 

0.02 

MgO 

16.73 

CaO 

11.43 

Na20 

0.81 

K20 

0.07 

P2O5 

0.30 
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shown  in  Fig.  52,  where  our  basalt  V53 
is  plotted  for  comparison.  V53  is  essen- 
tially identical  to  the  average  South 
African  basaltic  komatiite. 

The  general  mafic-ultramafic  nature 
of  the  komatiite  association  leads  rather 
naturally  toward  an  oceanic  crust  or 
"ophiolite"-type  interpretation  for  these 
rocks  (Glikson,  1971). 61  Our  sample 
was  collected  from  a  typical  Archean 
volcanic  belt,  and  the  geologic  evidence 
showing  that  these  Archean  volcanic 
associations  are  analogous  to  modern 
island  arcs  is  to  us  completely  com- 
pelling (Wilson  et  al.  1965, 62  Baragar 
and  Goodwin,  1969,63  Hart  et  al. 
1970 64).  The  section  from  which  our 
sample  was  collected  contains  abundant 
andesite,  dacite,  and  rhyolite,  and  there 
is  no  similarity  between  this  volcanic 
sequence  and  that  which  would  be  ex- 
pected for  oceanic  crust.  The  rather 
continuous    chemical    and    stratigraphic 


connections  of  the  komatiite  suite  with 
the  basalt-dacite-rhyolite  suite  seem  to 
argue  strongly  in  favor  of  an  arc-type 
tectonic  setting  for  komatiites.  As  one 
possible  model,  we  would  simply  extend 
our  previous  model  (Hart  et  al.,  1970) 
and  suggest  that  these  various  mafic  and 
ultramafic  rocks  are  all  simply  the  result 
of  different  degrees  of  partial  melting  of 
sub-arc  mantle.  Basaltic  komatiites 
(like  V53)  would  represent  more  exten- 
sive melting  (especially  of  clinopyroxene 
components  to  provide  the  high  CaO/ 
A1203  ratios)  than  the  tholeiites,  and  the 
peridotitic  komatiites  might  be  viewed 
as  essentially  total  melting  of  the  mantle. 
We  view  melting  as  being  controlled  by 
decompression  (largely  adiabatic)  during 
upwelling  of  mantle  diapirs,  with  com- 
plete melting  taking  place  only  during 
initial  plate  rupture  as  mantle  upwelling 
reaches  the  surface.  Gradual  thickening 
of  the  arc  crust  and  lithosphere  would 


MgO 


ULTRAMAFIC  KOMATIITES 
GELUK   HIGH   ALUMINA   TYPE 
BARBERTON   TYPE 
BADPLAAS  TYPE 
ARCHEAN  THOLEIITES 
»     V-53 


CaO 


Al,0, 


Fig.  52.  CaO-AloOa-MgO  diagram  displaying  relationship  of  V-53  to  the  field  of  Archean  koma- 
tiites and  tholeiites  (latter  from  Viljoen  and  Viljoen,  1969,59  and  our  unpublished  data  for  eastern 
Ontario  and  western  Quebec). 
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then  lead  to  progressively  deeper  levels 
of  magma  segregation  with  lower  and 
lower  degrees  of  partial  melting.  Ob- 
viously the  total  melting  of  ultramafic 
mantle  requires  upwelling  from  depths 
where  appropriate  temperatures  can  be 
reached.  This  would  be  facilitated  in 
the  Archean  by  geothermal  gradients 
about  twice  those  at  present,  and  may 
explain  why  there  appears  to  be  a  gen- 
eral lack  of  komatiite-type  rocks  in 
post-Archean  times. 

Partitioning  of  Trace  Elements  between 

Clinopyroxene  and  Liquid  at  High 

Pressures 

N.  Shimizu 

The  partitioning  of  trace  elements  be- 
tween crystal  and  silicate  melt  at  high 
pressures  is  of  fundamental  importance 
in  understanding  genetic  relationships 
among  basaltic  magmas  and  chemical 
evolution  of  the  upper  mantle.  An  at- 
tempt was  made  to  determine  the  par- 
tition coefficients  of  trace  elements 
between  crystal  and  melt  experimentally 
in  order  to  evaluate  the  effects  of  pres- 
sure and  temperature  on  the  partition- 
ing. Very  few  papers  have  been  published 
along  this  line  of  approach  principally 
because  of  experimental  difficulties 
(Masuda  and  Kushiro,  1970;  65  Shimizu 
and  Akimoto,  1971  66).  A  simple  syn- 
thetic system  was  chosen  for  the  present 
study  to  find  partition  relations  between 
clinopyroxene  and  liquid  because  clino- 
pyroxene is  the  most  important  mineral 
in  the  upper  mantle  with  respect  to 
many  trace  elements.  The  system  se- 
lected is  diopside-albite-anorthite-water 
with  the  following  proportions:  diopside, 
50%;  albite,  25%;  anorthite,  25%  by 
weight.  For  this  particular  composition, 
clinopyroxene-liquid  assemblage  is  ex- 
pected to  be  stable  over  a  considerable 
temperature  range  at  15-25  kb  pressures 
when  the  system  is  undersaturated  with 
water.  K,  Rb,  Cs,  Sr,  Ba,  U,  Th,  and  Pb 
were  added  to  the  system  by  titration  at 
the  concentration  levels  within  the  range 


of  natural  abundances  of  these  elements 
in  basaltic  rocks.  The  mixture  was  fused 
three  times  at  1400  °C  at  atmospheric 
pressure  in  a  platinum  crucible  in  order 
to  homogenize  the  starting  material  and 
to  remove  nitrogen  and  chlorine  intro- 
duced by  titration.  The  high-pressure 
experiments  were  carried  out  at  the  Geo- 
physical Laboratory  with  a  piston- 
cylinder  apparatus  using  sealed  plati- 
num capsules  as  sample  containers. 
Powdered  starting  material  (glass)  and 
water  were  weighed  in  so  as  to  keep  the 
water  content  of  the  system  about  8% 
by  weight.  The  runs  ranged  from  63  to 
150  minutes  in  duration  and  normally 
produced  euhedral  clinopyroxenes  larger 
than  50  /mi  across. 

Partitioning  of  Uranium  in  the  Di-Ab-An 
System  and  a  Spinel  Lherzolite  Sys- 
tem by  Fission  Track  Mapping  * 

M.  G.  Seitz  and  N.  Shimizu 

Uranium  is  a  minor  but  ubiquitous 
element  in  geological  systems.  The  distri- 
bution of  uranium  in  basaltic  materials 
provides  one  view  of  the  chemical  frac- 
tionation that  occurred  during  their  melt- 
ing and  subsequent  cooling  and  crystal- 
lization. 

Particles  from  nuclear  fission  produce 
trails  of  damage  in  electrical  insulating 
solids  that  may  be  etched  and  viewed  in 
an  optical  microscope.  These  fission 
tracks  provide  a  sensitive  method  of  de- 
tecting fissionable  elements  such  as 
uranium. 

Fission  track  studies  of  uranium  in 
silicates  equilibrated  under  known  con- 
ditions of  pressure  and  temperature  were 
undertaken.  These  studies  have  direct 
applications  to  the  interpretation  of  ura- 
nium distributions  in  natural  basalts. 

Experimental  techniques.  Two  systems 
were  studied  experimentally.  For  the 
clinopyroxene-liquid  system,  starting  ma- 
terial  of   diopside-anorthite-albite  com- 


*  This  subject  is  also  described  in  the  Annual 
Report  of  the  Geophysical  Laboratory. 
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position  (50,  25,  25  wt  %,  respectively) 
was  prepared  from  pure  metal  oxides  and 
carbonates  and  doped  with  additional 
elements  including  potassium  and  ura- 
nium. The  composition  of  each  phase  in 
the  experiment  was  determined  by  micro- 
probe  and  fission  track  analyses. 

Clinopyroxene  crystals  were  synthe- 
sized from  the  glass  at  pressures  of  15,  20, 
and  25  kb  and  temperatures  of  1100°  and 
1200°C.  The  starting  mixture  was  put  in 
platinum  capsules  with  the  addition  of 
about  8%  water  to  produce  large  crystals 
and  to  ensure  chemical  equilibrium.  No 
vapor  phase  was  detected  in  these  experi- 
ments, and  on  the  basis  of  available  data 
the  system  was  undersaturated  with 
water. 

In  addition,  one  sample  of  an  ortho- 
pyroxene-liquid  association  produced  at 
10  kb,  1375°C,  by  Dr.  I.  Kushiro  from  a 
mixture  of  natural  minerals  was  studied. 
This  natural  mixture  contained  sufficient 
uranium  to  be  studied  by  the  fission  track 
techniques. 

Muscovite  was  used  as  the  fission  track 


detector  because  it  can  withstand  neutron 
doses  without  track  fading  or  physical 
degradation  (Seitz,  1971  ).67  Furthermore, 
it  records  sharp  thin  tracks  whose  direc- 
tions and  lengths  are  easily  measured. 
The  mica  used  in  this  study  was  particu- 
larly suitable  because  of  its  very  low 
uranium  concentration  (<~  1  ppb). 

Portions  of  each  sample  were 
mounted  in  epoxy,  ground  flat,  and  pol- 
ished. After  the  mica  detector  was  fast- 
ened to  the  grain  mount,  fiducial  scratches 
were  made  above  the  grains  and  photo- 
graphed to  record  the  relative  position  of 
the  sample  and  detector.  The  grain 
mounts  were  assembled  with  a  standard 
glass  mount  as  shown  schematically  in 
Fig.  53  and  irradiated  with  thermal  neu- 
trons to  induce  fission  of  uranium  235.  A 
thin  (. — 50  jum)  spacer  between  the 
mounts  was  included  to  assure  that  the 
detector  was  clamped  in  firm  contact  with 
the  samples  during  the  irradiation. 

The  mica  detectors  were  etched  in  hy- 
drofluoric acid  (48%  HF,  22°C,  15  min- 
utes)  to  reveal  the  fission  tracks.    The 
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Fig.  53.    Grain  mount  assembly  for  neutron  irradiation.   The  epoxy  disks  are  2.5  cm  in  diam- 
eter; mica  sheets  are  '—'50  ;um  thick  (not  to  scale). 
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resulting  track  distribution  gave  a  map 
of  the  uranium  in  the  samples.  Montage 
photographs  of  the  silicate  grains  and 
etched  detector  were  made  from  photo- 
micrographs (X  305)  taken  in  reflected 
and  transmitted  light,  respectively.  These 
montages  could  be  placed  in  the  same 
orientation  as  were  the  sample  and  de- 
tector during  the  irradiation  and  served 
as  the  basis  for  relating  the  fission  track 
map  to  the  sample.  Neutron  doses  were 
determined  by  tracks  from  the  standard 
glass  and  ranged  from  5.7  X  1017  to  9.2 
X  1017  neutrons/cm2. 

Experimental  measurements.  Under 
the  optical  microscope  the  detectors  were 
found  to  have  few  fission  tracks  except 
in  areas  adjacent  to  the  silicate  grains. 
The  shapes  of  the  grains  were  recorded 
by  these  localized  track  concentrations, 
and  the  pattern  of  high  and  low  track 
densities  within  each  concentration 
closely  followed  the  distribution  of 
quenched  liquid  and  pyroxene  in  the 
samples.  This  correspondence  is  apparent 
in  Fig.  54,  showing  an  area  of  the  silicate 
sample  and  its  fission  track  map.  The 
quenched  liquid,  as  is  evident  by  the 
correspondingly  high  track  density  in  the 
fission  track  map,  contains  most  of  the 
uranium  of  the  system.  Similar  patterns 
were  produced  by  the  other  samples,  al- 
though the  contrast  in  track  density  was 
commonly  less  than  seen  here.  No  in- 
homogeneities  or  "hot  spots"  of  uranium 
were  detected  from  the  fission  track 
maps.  The  uranium  in  each  phase  was 
found  to  be  uniform  throughout  a  given 
sample.  Therefore  it  was  reasonable  to 
assume  that  a  chemical  equilibrium  of 
uranium  was  attained,  this  balance  be- 
ing characterized  by  the  uranium  parti- 
tion coefficient  (i.e.,  the  ratio  of  the  ura- 
nium concentrations  in  the  pyroxene  and 
quenched  liquid). 

Uranium  concentrations  in  the  crystals 
and  quenched  liquid  phases  in  most 
samples  were  determined  in  the  following 
manner.  The  shapes  of  the  different 
phases  were  outlined  onto  the  montage  of 


the  etched  detector.  To  minimize  cross 
contamination  caused  by  the  length  of 
the  fission  tracks  and  errors  in  locating 
the  sample  position  on  the  detector,  track 
densities  were  measured  in  areas  that 
were  farther  than  10  fixn  from  any  crystal- 
liquid  boundary.  Two  track-density 
measurements  were  made.  First,  the  total 
number  of  tracks  was  counted  under  the 
optical  microscope  or  from  high-magnifi- 
cation photographs  (X  1000).  In  the 
second  measurements,  only  tracks  longer 
than  5  ^m  as  projected  on  the  montage 
photographs  were  counted.  Areas  meas- 
ured from  the  photographs  and  in  the 
microscope  were  calibrated  with  a  stage 
micrometer. 

The  background  track  densities  were 
measured  in  areas  of  the  detector  that 
were  adjacent  to  the  epoxy  during  the 
irradiation.  These  tracks  were  uniformly 
long,  indicating  that  they  had  originated 
from  the  detector  itself.  It  is  recalled 
that  two  particles  traveling  in  opposite 
directions  are  produced  in  a  fission  event. 
In  one  area,  only  one  track  out  of  thirty 
measured  was  short  (<4  ^m)  and  prob- 
ably originated  in  the  epoxy.  Although 
the  background  was  negligible  for  most 
samples,  it  was  important  when  low  ura- 
nium contents  were  measured. 

The  uranium  contents,  U,  of  the  phases 
were  then  determined  from  the  formula 


U=U, 


P.J' 


where  Us  is  the  uranium  content  of  the 
standard  glass,  p  and  ps  are  the  measured 
track  densities,  and  I  and  Is  are  the  ura- 
nium isotope  ratios  (U235/U238)  in  the 
unknown  and  the  standard  glass,  respec- 
tively. The  standard  glass  used  in  this 
work  had  0.0725  ppm  uranium  with  an 
isotopic  ratio  of  0.00616  (Carpenter, 
1972)  ,68  The  uranium  in  the  samples  had 
an  isotopic  ratio  of  0.0072.  Only  track 
densities  measured  in  the  same  way  were 
compared,  so  that  biases,  such  as  count- 
ing only  long  tracks,  would  cancel  out. 
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Fig.  54.  (A)  Polished  section  in  reflected  light  showing  the  light  orthopyroxene  crystals  in  the 
darker  glass.  (B)  Fission  track  map  of  the  same  sample.  The  quenched  liquid  is  high  in  ura- 
nium, as  is  apparent  from  its  correlation  with  areas  of  high-track  density. 
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Agreement  was  obtained  for  uranium 
concentrations  in  the  quenched  liquid 
from  both  total  and  long-track  densities. 
However,  the  uranium  concentrations  in 
the  pyroxene  determined  from  the  density 
of  long  tracks  were  commonly  lower  than 
those  obtained  from  the  total  track  den- 
sity. In  the  most  pronounced  case,  the 
concentration  from  long  tracks  was 
- — -50%  lower  than  from  the  total  track 
density  (15  kb,  1100°C).  This  effect  was 
believed  to  be  caused  by  a  contribution  of 
tracks  from  quenched  liquid  beneath  the 
pyroxene  surface.  This  point  could  not 
be  checked  in  each  instance  because  the 
neutron  irradiation  had  made  the  epoxy 
opaque.  Long  tracks,  originating  near  the 
surface,  were  less  likely  to  be  from  under- 
lying quenched  liquid  and  were  used  to 
determine  uranium  concentrations  in  the 
pyroxene  crystals.  The  contamination 
effect  was  not  entirely  eliminated  by 
using  only  long  tracks.  Because  the  ura- 
nium levels  in  the  glass  were  higher  than 
in  the  crystals,  the  uranium  levels  meas- 
ured for  pyroxene  should  be  considered 
as  upper  limits.  The  measured  uranium 
concentrations  in  the  crystal  and  liquid 
phases  and  the  uranium  partition  coeffi- 
cients for  the  associations  are  given  in 
Table  15. 


One  sample  having  small  grain  size 
(—-10  /mi)  could  not  be  measured  in  this 
manner.  Instead,  the  average  uranium 
concentrations  were  measured  in  areas 
having  differing  proportions  of  crystal 
and  quenched  liquid,  the  proportions  be- 
ing determined  from  point  counts  on 
photographs  of  the  samples.  These  values 
were  then  extrapolated  to  the  pure  com- 
ponents of  crystal  and  glass. 

Track  densities  from  the  standard 
glass  and  quenched  liquid  were  measured 
with  counts  exceeding  1100  tracks.  Thus, 
errors  from  counting  statistics  for  these 
measurements  were  low.  Background 
track  densities  in  each  detector  were 
measured  with  more  than  250  counts. 
However,  measurements  of  the  uranium 
concentrations  in  the  pyroxenes  had  large 
statistical  errors  because  of  low  track 
counts.  The  standard  deviations  of  the 
partition  coefficients  given  in  Table  15 
are  almost  entirely  from  the  measure- 
ments of  pyroxene. 

In  the  material  synthesized  at  1200°C, 
15  kb,  few  euhedral  pyroxene  crystals 
formed,  since  the  system  was  very  near 
its  liquidus  temperature.  Only  one  track 
was  found  that  originated  from  the 
pyroxene  grains,  giving  a  partition  co- 
efficient of  0.2.    This  value  was  doubled 


TABLE  15.   Uranium  Contents  and  Partitioning  Coefficients  of  Pyroxene-Liquid  Systems 


P,  kb 


7',  °C 


Total 
Water, 

wt  % 


Run 

Time, 
min 


U  in  Quench 
Liquid,  ppm 


U  in  Crystal, 
ppb 


U (pyroxene) 
U(liquid) 


Clinopyroxene-Liquid 

15 

noot 

7.9 

120 

0.110 

20 

0.18    ±  0.04 

1200 

7.7 

75 

0.115 

45 

<0.4 

20 

1100 

7.6 

90 

0.160 

1.9 

0.012  ±  0.006 

1200 

7.9 

60 

0.200 

30 

0.15     ±  0.04 

25 

1200 

7.9 

90 

0.190* 

36 

0.19    ±  0.021 

( )rthopyroxene-Liquid 

10 

1375 

0.0 

120 

0.84 

6.7 

0.008  ±  0.002 

*  Standard   deviation  from  counting  statistics. 

t  Final  temperatures  were  attained  after  the  systems  were  raised  to  the  following  temperatures: 
1200°  C(30  min);  1275°C  (30  min);  1275°C  (30  min),  then  1200°C  (20  min);  directly  to  1200°C; 
1275°C  (20  min);  and  1450°C  (20  min),  respectively. 

J  Estimated  by  extrapolating  the  U  concentrations  in  differing  proportions  of  crystal  and 
quenched  liquid  to  the  pure  components. 
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because  of  the  statistical  uncertainty  and 
considered  an  upper  limit.  It  is  interest- 
ing to  note  that  many  skeletal  crystals 
interlaced  with  glass  occurred  in  this  sys- 
tem. By  the  extrapolation  method,  their 
uranium  concentrations  were  found  to  be 
comparable  to  that  in  the  quenched 
liquid.  These  crystals  are  thought  to  be 
formed  upon  quenching,  and  the  high 
uranium  concentrations  probably  reflect 
nonequilibrium  conditions  that  arose  dur- 
ing quenching.  The  measuring  techniques 
employed  here  can  distinguish  the  equili- 
bria crystals  from  the  quench  crystals. 

Uranium  partitioning.  In  a  given  sys- 
tem the  variation  of  the  partition  coeffi- 
cient with  pressure  and  temperature 
carries  information  about  the  mechanism 
by  which  the  element  is  incorporated  into 
the  crystalline  structure.  For  example, 
the  partition  coefficient  of  potassium  in 
the  clinopyroxene-liquid  system  studied 
here  changes  with  pressure  and  tempera- 
ture in  a  manner  indicating  that  a  potas- 
sium complex  forms  a  continuous  solution 
series  with  pyroxene.  Uranium  does  not 
appear  to  follow  this  behavior.  In  con- 
trast, the  very  rapid  rise  in  partition 
coefficient  with  temperature  as  seen  at 
20  kb  could  be  due  to  uranium  at  crystal 
imperfections  that  increase  in  density 
with  temperature.  The  uranium  concen- 
trations in  the  pyroxene  may  also  be 
related  the  growth  rate  of  the  crystals. 
Experiments  are  under  way  to  establish 
the  mechanism  of  uranium  assimilation 
in  pyroxene. 

Application  to  natural  systems.  The 
uranium  contents  in  mineral  phases  of  a 
natural  garnet  lherzolite  were  also  de- 
termined by  fission  track  mapping.  The 
alteration  products,  consisting  mostly  of 
serpentine  and  mica,  were  high  in  ura- 
nium, having  levels  exceeding  50  ppm  in 
some  areas.  These  secondary  products 
extended  into  the  olivine  and  pyroxene 
grains,  producing  spots  and  filaments  of 
high  uranium  concentration.  Portions  of 
the  olivine  and  orthopyroxene  grains  had 
uranium  contents  below  3  ppb  and  ap- 


peared unaltered,  as  indicated  by  their 
homogenous  track  densities.  Uranium 
concentrations  of  41  and  8  ppb  were 
found  in  clear,  unfractured  grains  of 
garnet  and  clinopyroxene,  respectively. 
The  uranium  was  distributed  homogene- 
ously and  is  believed  to  be  representative 
of  the  primary  unaltered  contents  of  the 
phases. 

If  we  assume  that  uranium  partitions 
in  natural  systems  as  it  does  in  the  five- 
component  Di-Ab-An  system,  the  meas- 
ured partition  coefficients  may  be  used  to 
determine  the  uranium  content  of  a  liquid 
in  equilibrium  with  this  lherzolite.  From 
the  clinopyroxene-liquid  partition  coeffi- 
cients of  Table  15,  a  liquid  in  equilibrium 
with  the  natural  lherzolite  would  have  a 
uranium  content  of  0.04  to  0.6  ppm.  This 
result  indicates,  as  have  measurements  of 
major  chemistry,  that  basaltic  liquids  of 
high  uranium  content  (e.g.,  alkali  basalts) 
were  not  in  equilibrium  with  the  garnet 
lherzolite. 

This  analysis  is  being  extended  to  other 
candidates  for  partial  melting  residuals, 
such  as  some  spinel  lherzolite  inclusions 
in  basaltic  rocks  (Kuno,  1969). 69  From 
studies  of  the  uranium  fractionation  in 
other  associations,  in  particular  the 
garnet-liquid  association,  it  should  be 
possible  to  accurately  test  the  compati- 
bility of  potential  fractionation  products. 
Other  particle  track  mapping  techniques. 
Future  experiments  will  employ  uranium 
enriched  in  U235  (I  =  0.95,  compared 
with  I  =  0.007  in  this  study) ,  extending 
the  useful  range  of  uranium  mapping  to 
concentrations  below  0.02  ppb.  With  this 
improvement  it  will  be  possible  to  map 
uranium  in  individual  mineral  grains. 
Thorium  can  be  fissioned  by  fast  neutrons 
or  alpha  particles  and  analyzed  essen- 
tially as  is  uranium.  The  silicate  solu- 
tions may  be  spiked  with  alpha  active 
nuclei  such  as  Eu147  or  Gd149  and  mapped 
with  plastic  detectors.  Other  elements  of 
geologic  interest — Li,  B,  N,  O,  Tb,  Pb, 
and  Pu — can  be  mapped  by  particle 
tracks. 
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Partitioning  of  Potassium 

N.  Shimizu 

Potassium  contents  of  clinopyroxenes 
and  glasses  were  measured  with  an 
electron-probe  microanalyzer,  using  a 
"detectability  limit  program"  provided 
by  Dr.  L.  W.  Finger.  The  counting  time 
was  100  seconds  on  both  the  peak  and 
the  background  positions.  The  counting 
was  repeated  six  times  on  the  peak  and 
three  times  each  for  the  background  on 
either  side  of  the  peak.  The  detectabil- 
ity limit  used  here  is  the  standard 
deviation  of  the  peak  intensity  (peak 
minus  background  counts)  at  99%  con- 
fidence limit.  The  detectability  limit  is, 
therefore,  different  for  different  measure- 
ments and  is  rather  high  for  glass,  due 
largely  to  damage  of  the  polished  sur- 
face of  the  sample  caused  by  the  elec- 
tron bombardment  during  counting. 

The  analytical  results  are  given  in 
Table  16.  It  is  obvious  from  the  table 
that  the  potassium  contents  of  the  clino- 
pyroxenes are  extremely  low.  Statisti- 
cally significant  values  were  obtained 
only  for  the  15-kb  runs.  A  temperature 
increase  of  100  °C  has  no  effect  on  the 
potassium  content  of  the  clinopyroxene 
nor  on  the  partition  coefficient,  although 
the  potassium  content  of  glass  decreases 
significantly.  The  partition  coefficients 
for  20-  and  25-kb  runs  are  only  the 
upper    limits.     We    are   thus   unable   to 


evaluate  at  this  time  the  pressure  effect 
on  partitioning  of  potassium  in  clino- 
pyroxene. However,  it  is  of  considerable 
interest  to  note  that  the  potassium  con- 
tent of  clinopyroxene  is  very  low  once 
it  is  in  equilibrium  with  liquid.  The 
potassium  content  of  a  clinopyroxene 
should  be  very  low  if  it  is  a  residual 
solid  phase  left  after  partial  melting  of 
a  mantle  lherzolite,  or  if  it  is  a  cumula- 
tive phase  crystallized  from  a  basaltic 
magma.  If,  however,  a  basaltic  magma 
crystallizes  at  high  pressures  as  an 
eclogite  without  any  fractionation  of 
elements,  the  clinopyroxene  may  contain 
much  higher  potassium  because  a  con- 
siderable amount  of  potassium  may 
enter  the  clinopyroxene  structure  at 
high  pressures  according  to  the  experi- 
ments of  Shimizu  (1971). 70  The  potas- 
sium content  of  clinopyroxene  may  thus 
be  used  as  a  criterion  to  distinguish  the 
mode  of  origin  of  a  rock.  Erlank  (1970) 71 
found  that  potassium  contents  of  clino- 
pyroxenes from  lherzolites  and  eclogites 
in  kimberlites  show  a  bimodal  distribu- 
tion, one  group  being  less  than  100  ppm 
and  the  other  being  as  high  as  1500  ppm. 
The  latter  is  found  exclusively  in 
eclogites  from  the  Roberts  Victor  Mine 
in  South  Africa.  The  remarkable  con- 
trast in  potassium  contents  of  these  two 
groups  may  reflect  the  difference  of  the 
origin  of  these  rocks  as  suggested  above. 


TABLE  16.    Potassium  Contents  of  Coexisting  Clinopyroxenes  and  Liquids 


P,  kb 


T,  °C 


Cpx 


K,  ppm 


d.l.f 


Liq 


d.  1. 


\r 


H20 


15 
15 
20 
20 
25 
25 


1100 

49 

17 

1200 

44 

19 

1100 

(18)t 

20 

1200 

(20)  t 

21 

1100 

(27)| 

40 

1200 

(16)$ 

40 

3360 
2280 
3640 
2960 
3820 
3400 


105 

0.014 

7.9 

55 

0.019 

7.7 

127 

<  0.006 

7.6 

100 

<  0.007 

7.6 

105 

<0.01 

7.8 

105 

<0.01 

7.9 

*  Partition  coefficient,  defined  as  KcPx/Kiiq  weight  ratio, 
t  Detectability  limit;  see  text. 

t  These  figures  are  statistically  meaningless.  D's  are  calculated  from  detectability  limits  for  these 
samples. 
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To  test  this  hypothesis,  the  potassium 
content  of  a  clinopyroxene  in  a  lherzo- 
lite  inclusion  from  Salt  Lake  Crater, 
Hawaii,  was  analyzed  by  an  isotope 
dilution  method.  Kuno  (1969)69  and 
Kuno  and  Aoki  (1970)72  have  argued 
that  the  lherzolite  was  a  residuum  left 
after  partial  melting.  The  clinopyroxene 
contains  only  15.7  ppm  potassium, 
which  is  consistent  with  a  residual  origin 
for  this  inclusion.  The  potassium  con- 
tent of  a  liquid  may  be  a  good  measure 
of  the  degree  of  partial  melting  if  the 
potassium  content  of  the  original  mate- 
rial is  assumed  on  some  reasonable  basis 
(and  if  potassium-bearing  phases  such 
as  phlogopite  and  amphibole  do  not 
persist  after  the  initial  melting) . 

It  is  obvious  that  potassium  is  more 
highly  partitioned  into  the  liquid  than  is 
uranium.  This  means  that  the  K/U  ratio 
of  clinopyroxene  is  much  lower  than  that 
of  the  coexisting  liquid.  Green,  Morgan, 
and  Heier  (1968) 73  found  that  Australian 
lherzolites  (spinel  lherzolites)  have  a 
much  lower  K/U  ratio  than  basalts. 
They  argued  that  these  lherzolites  are 
more  highly  depleted  in  potassium  than 
uranium  and  thorium  relative  to  any 
model  of  the  U,  Th,  K  abundances  in  the 
mantle,  and  concluded  that  potassium 
should  be  highly  partitioned  into  liquid 
relative  to  uranium  and  thorium.  The  re- 
sults of  the  present  experiments  are  con- 
sistent with  their  discussion,  and  the 
difference  in  K/U  ratio  between  lherzolites 
and  basalts  they  found  may  be  explained 
by  partition  relations  of  these  elements 
between  clinopyroxene  and  liquid. 


trol  functions  include  magnetic  field  peak 
switching,  settling  time  and  data  collec- 
tion interval,  background  correction,  reso- 
lution test,  linear  interpolation,  ratio 
calculation  and  normalization,  and  a 
variety  of  statistical  indices.  Assembly 
language  programs  have  been  written  for 
the  specific  elements  K,  Rb,  Ba,  and  Sr, 
and  with  the  8K  of  core  available  we  are 
now  in  the  process  of  programming  for 
simultaneous  operation  of  the  nine-inch 
mass  spectrometer  for  the  elements  Pb 
and  U. 

Normally,  peak  sets  are  collected  in 
blocks  of  seven,  with  printout  of  ratios 
and  statistics  after  each  block.  The 
elapsed  time  for  one  complete  block  is  of 
course  different  for  the  different  elements. 
For  Sr  isotope  ratio  runs,  with  2  one- 
second  counts  per  peak  and  8  seconds 
settling  time  between  peaks  (to  allow  for 
the  time  constant-polarization  effects  in 
the  VRE),  a  block  of  data  can  be  col- 
lected every  6  minutes.  Block-by-block 
operation  continues  until  the  operator  is 
satisfied  with  the  overall  standard  error 
of  the  ratios.  For  Sr  isotope  ratio  runs,  a 
control  function  can  be  exercised  which 
accumulates  counts  for  20  seconds  at  a 
true  zero  position  and  at  mass  positions 
85  and  87.5,  so  that  the  absence 
(<.005%)  of  a  rubidium  correction  and 
resolution  or  tail  corrections  can  be 
certified. 

The  support  of  the  National  Science 
Foundation  (Grant  No.  GA  25713)  was 
instrumental  in  obtaining  the  computer 
system  hardware  and  is  gratefully 
acknowledged. 


Mass  Spectrometer  Operation  by 
On-Line  Computer 

K.  Burrhus 

The  six-inch  mass  spectrometer  re- 
ported on  last  year^  Year  Book  70)  has 
been  interfaced  to  a  Digital  Equipment 
Corporation  PDP-11  computer  this  past 
year,  and  automatic  operation  of  this 
machine  is  now  routine.    Computer  con- 


New  U-Pb  Isotopic  Analyses  of  Zircons 

from  the  Baltimore  Gneiss  and  the 

Setters  Formation 

B.  Grauert 

The  Baltimore  Gneiss  is  the  Precam- 
brian  basement  in  the  Maryland  Pied- 
mont. The  formation  is  a  complex  assem- 
blage of  biotite  and  biotite-hornblende 
gneiss,  amphibolite,  migmatite,  and  gra- 
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nitic  augengneiss.  The  basement  is  ex- 
posed in  a  series  of  anticlinal  domes 
which  are  mantled  by  younger  metasedi- 
ments  and  metavolcanics  of  the  Glenarm 
Series  (see  Higgins,  1972,74  for  nomen- 
clature of  the  Glenarm  Series).  The 
lowest  unit  of  the  Glenarm  Series,  the 
Setters  Formation  consists  of  a  sequence 
of  quartz-rich  feldspathic  schist,  mica 
gneiss,  and  mica  quartzite.  Hopson 
( 1964) 75  gives  a  summary  of  the  evidence 
for  an  unconformity  between  the  Balti- 
more Gneiss  and  the  Setters  Formation. 
The  origin  of  the  Baltimore  Gneiss  as 
well  as  the  age  of  deposition  of  the  Setters 
Formation  is  unknown.  Long-range 
stratigraphic  and  structural  correlation 
of  the  Glenarm  Series  with  other  series 
of  the  Virginia  and  Pennsylvania  Pied- 
mont and  Blue  Ridge  is  still  a  subject  of 
controversy  (see  Swartz,  1948 ;76  Hopson, 
1964;  Fisher,  1970  ;77  and  Higgins,  1972). 

According  to  Hopson  (1964)  wide- 
spread plutonic  activity  accompanied  and 
followed  an  Early  Paleozoic  deformation 
and  regional  metamorphism  of  the  Glen- 
arm Series.  After  most  of  the  sediments 
were  deposited,  they  were  intruded  by 
gabbroic  magmas  and  their  differentiates, 
later  followed  by  synkinematic  and  late 
kinematic  intrusions.  During  this  period 
the  already  gneissic  Precambrian  base- 
ment was  reactivated  and  rose  as  anti- 
clinal domes.  Parts  of  the  Baltimore 
Gneiss  became  anatectic  and  the  palin- 
genic  magma  broke  through  the  Glenarm 
mantle  (Hopson,  1964;  Southwick, 
1969  7S). 

U-Th-Pb  isotopic  analyses  of  zircons 
from  the  early  synkinematic  granitic 
rocks  by  Steiger  and  Hopson  (1964)79 
and  by  Wetherill  et  al.  (1966) 80  gave 
discordant  ages.  These  age  discordancies 
were  interpreted  as  a  result  of  Pb  loss  by 
continuous  diffusion.  Thus,  primary  ages 
of  500-600  m.y.  were  calculated  for  these 
rocks.  Furthermore,  Steiger  and  Hopson 
(1964)  used  their  data  to  establish  a  min- 
imum age  of  deposition  for  the  Glenarm 
Series  and  have  therefore  favored  a  late 


Precambrian  age  of  deposition.  In  a  re- 
cent paper  Higgins  (1972)  has  questioned 
the  intrusive  origin  of  the  early  syn- 
kinematic plutonic  rocks.  As  a  result  of 
his  investigations  he  regards  these  "gran- 
ites" as  either  metamorphosed  volcanic 
and  volcaniclastic  rocks  or  shallow  intru- 
sive bodies  coeval  with  the  Glenarm 
rocks.  He  interprets  the  extrapolated 
radiometric  ages  as  representing  the  ap- 
proximate actual  age  of  parts  of  the  Glen- 
arm Series  rather  than  the  minimum  age. 
According  to  Higgins  the  Glenarm  Series 
is  therefore  chiefly  Cambrian  and  Ordo- 
vician,  with  a  maximum  age  of  about  650 
m.y. 

As  to  the  metamorphic  history,  pre- 
vious radiometric  dating  of  whole  rocks 
and  minerals  yielded  evidence  for  at  least 
two  orogenic  periods:  (1)  A  strong  meta- 
morphism between  1000  and  1300  m.y. 
(Grenville  metamorphism)  was  found 
for  the  Baltimore  Gneiss  (Tilton  et  al, 
1958  ;81  Wetherill  et  al,  1968  ;82  Tilton 
et  al.,  1970 83).  (2)  Rb-Sr  whole-rock 
analyses  of  large  post-Glenarm  pegmatite 
swarms  which  surround  the  Baltimore 
Gneiss  domes  and  are  interpreted  as  ter- 
minating the  Early  Paleozoic  regional 
deformation  and  metamorphism  (Wether- 
ill et  al,  1966),  yield  an  age  of  425  ±  20 
m.y.  (A  =  1.39  X  lO^y"1).  (3)  Rb-Sr 
mineral  isochron  ages  on  Baltimore 
Gneiss  samples  (Wetherill  et  al.,  1968) 
and  plutonic  rocks  (Wetherill  et  al.,  1966) 
give  ages  as  low  as  280  m.y.  and  indicate 
that  temperatures  at  this  time  were  high 
enough  to  allow  continued  or  further 
equilibration  of  Sr  isotopes  between  the 
dated  minerals. 

The  discordant  ages  of  zircons  from  the 
Baltimore  Gneiss  and  of  detrital  zircons 
from  the  Setters  Formation  have  until  now 
been  interpreted  in  terms  of  continuous 
diffusion  loss  of  Pb  (Tilton  et  al,  1958; 
Tilton  et  al,  1970) .  Recent  studies  on  zir- 
cons from  Paleozoic  metamorphosed  sedi- 
ments from  the  Alps,  however,  have 
shown  that  the  individual  size  and  mag- 
netic fractions  of  much  older  inherited 
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zircon  populations  fall  on  chords  that  fit 
fairly  well  to  an  episodic  disturbance 
model  as  proposed  by  Wetherill  (1956) 84 
and  do  not  obey  a  simple  continuous  dif- 
fusion mechanism.  I  have  therefore  initi- 
ated detailed  zircon  studies  to  find  out  if 
any  significant  episodic  influence  of  the 
Paleozoic  metamorphism  on  the  Balti- 
more Gneiss  zircons  can  be  recognized.  I 
have  collected  five  rock  samples  from  the 
Baltimore  Gneiss  and  two  samples  from 
the  Setters  Formation,  all  within  600  feet 
of  the  same  outcrop  along  Piney  Run 
at  the  northern  flank  of  the  Phoenix  dome 
(see  Hopson,  1964,  Fig.  55).  Two  zircon 
samples  from  this  same  locality  (B4  and 
B5  in  Fig.  55)  have  been  previously  dated 
by  Tilton  et  al,  1958  and  1970.  The  re- 
sults are  plotted  on  a  concordia  diagram 
in  Fig.  55.  The  points  of  the  individual 
size  and  magnetic  fractions  of  zircons 
from  the  Baltimore  Gneiss  scatter  slightly 


around  a  best-fit  line  which  intersects  the 
concordia  curve  at  419  and  1104  m.y. 
The  degree  of  age  discordance  is  to  a  first 
approximation  a  function  of  the  U  and 
Th  content  (see  Fig.  56).  Only  in  one 
case  (BAL  5)  does  a  grain  size  effect 
seem  to  overrule  the  U  +  Th  dependency. 
Most  of  the  zircon  crystals  are  euhedral 
to  subhedral  and  show  all  variations  from 
clear  to  milky  and  metamict  grains.  The 
mean  U  concentration  of  the  zircons  is 
higher  in  the  light  gneiss  and  the  mig- 
matites  (600-3000  ppm)  than  in  the 
amphibolite  and  biotite  gneiss  (400-600 
ppm). 

The  zircons  from  the  Setters  Forma- 
tion are  exclusively  detrital  and  give  no 
indication  of  new  growth  or  overgrowth 
since  their  deposition.  The  zircons  of  one 
sample  (SET  4)  which  were  collected 
near  the  contact  with  the  Baltimore 
Gneiss  are  similar  to  zircons  from  Balti- 


pb206/LJZ38 


Zircons  of  Baltimore  Gneiss 
and  Setters  Formation 


Baltimore  Gneiss 

A  Amphibolite 

a  Biotite  plagioclase  gneiss 

O  Light  gneiss 

§  Migmatite 

o  Tilton  et  al.  1958,1970 

5  Setters  Formation 

-       •  Tilton  etal.  1970 


Fig.  55.  Concordia  diagram  for  zircon  fractions  from  the  Baltimore  Gneiss  and  the  Setters  For- 
mation. Dt  —  Do  indicates  a  curve  for  HOO-m.y.-old  U-Pb  systems  with  lead  loss  by  continuous 
diffusion  (D  =  const.). 
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Fig.  56.   Pb207U-38  age  versus  U  +  Th/3  plot  for    HOO-m.y.-old    zircons    from    the    Baltimore 
Gneiss  and  the  Setters  Formation.  The  symbols  are  the  same  as  in  Fig.  55. 


more  Gneiss,  and  the  analytical  data  fall 
relatively  close  to  the  best- fit  line  through 
the  Baltimore  Gneiss  zircon  (Fig.  55). 
Thus  there  is  some  justification  to  sup- 
pose that  most  of  these  zircons  were  de- 
rived from  the  nearby  eroded  basement. 
The  zircons  of  the  other  sample  (SET  1) 
collected  about  150  feet  from  the  contact, 
however,  look  different.  They  could  be 
easily  separated  magnetically  into  two 
homogeneous-looking  fractions  (SET  1A 
and  SET  IB).  On  the  concordia  diagram 
they  plot  clearly  in  another  area  and  are 
probably  inherited  from  a  parent  rock 
that  was  considerably  older  than  1100 
m.y. 

The  results  indicate  a  primary  age  of 
crystallization  of  1000-1100  m.y.  for  the 
Baltimore  Gneiss  zircons,  as  already  ob- 
tained by  earlier  investigators.    A  small 


uncertainty  in  this  age  is  possibly  due  to 
the  occurrence  of  some  round  cores  in  the 
Baltimore  Gneiss  zircons  which  might  be 
an  inherited  component  with  a  much 
higher  age.  There  is  no  justification  for 
the  application  of  a  continuous  diffusion 
model  to  the  Baltimore  Gneiss  zircon 
data.  The  lower  intersection  of  the  best- 
fit  line  is  in  good  agreement  with  the  time 
of  an  Early  Paleozoic  metamorphism. 
Thus,  an  episodic  disturbance  of  the 
U-Pb  systems  at  that  time  seems  to  be 
the  most  likely  interpretation.  In  Fig.  56 
we  have  also  plotted  the  U  -f-  Th  con- 
centration against  the  Pb206/U238  age  for 
sample  SET  4  from  the  Setters  Formation 
(assuming  the  same  primary  age  of  1100 
m.y.  as  for  the  Baltimore  Gneiss  zircons). 
The  diagram  clearly  shows  that  the 
detrital  zircons  have  been  more  sensitive 
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than  the  Baltimore  Gneiss  zircons  to  a 
later  Pb  loss.  However,  we  cannot  say 
from  our  present  knowledge  whether  this 
is  a  result  of  weathering  influence  during 
the  erosion  of  the  first  parent  rock  or  a 
secondary  alteration  occurring  after  their 
deposition  in  the  sediment,  or  both.  Some 
evidence  for  a  weathering  effect  may  be 
derived  from  the  observations  by  Griinen- 
felder  et  al.,  1964,85  who  found  that  zir- 
cons from  both  a  Triassic  unmetamor- 
phosed  sandstone  and  a  recent  river  sand 
had  about  ten  times  as  much  water  as 
zircons  from  paragneisses  and  ortho- 
gneisses  from  the  Swiss  Alps.  Further- 
more, Stern  et  al.  (1966) 86  showed  that 
weathering  can  be  a  significant  cause  of 
discordant  zircon  ages. 

The  primary  age  of  the  zircons  from 
the  second  sample  SET  1  is  at  least  1200 
m.y.  if  the  only  disturbance  is  a  recent 
lead  loss.  However,  it  might  also  be  pos- 
sible that  the  U-Pb  systems  of  these 
zircons  have  been  nearly  undisturbed 
since  the  Paleozoic  metamorphism  at 
about  420  m.y.  The  primary  age  would 
then  be  1600-1700  m.y. 

U-Pb  and  Rb-Sr  Isotopic  Analyses  on 

Minerals   of   a   Pegmatite   and   Its 

Country  Rock  from  the  Val  di 

Martello,  Italian  Alps 

B.  Grauert  and  G.  Soptrajanova 

The  Val  di  Martello  is  a  narrow  side 
valley  of  the  Val  Venosta  in  South  Tyrol. 
The  mica  schists,  phyllites,  quartzphyl- 
lites,  and  quartzites  of  the  Upper  East 
Alpine  Campo  Nappe  which  build  up  the 
surrounding  mountains  (3000-3700  m) 
have  been  intruded  by  a  muscovite  gran- 
ite and  pegmatite.  The  intrusive  body  is 
about  4  km  by  10  km  in  extent.  Large 
parts  of  it,  mainly  at  its  southern  con- 
tact, have  been  sheared  and  mylonitized. 
The  area  was  first  mapped  by  Hammer 
in  1912;87  but  a  modern  petrographic  de- 
scription is  still  lacking.  During  the  in- 
trusion  small    inclusions   of   zircon-rich 


quartzite  were  picked  up  from  the  coun- 
try rock  by  the  pegmatite.  The  aim  of 
our  investigation  was  to  find  out  whether 
a  disturbance  of  the  U-Pb  systems  of  the 
zircons  has  taken  place  during  this  event. 
We  therefore  separated  zircons  from  the 
country  rock  and  from  some  1-5  cm  thick 
inclusions.  The  quartzite  inclusions 
showed  no  petrographic  difference  com- 
pared with  the  other  quartzites.  The 
analytical  results  are  plotted  on  the  Con- 
cordia diagram,  Fig.  57. 

Rb-Sr  isotopic  analyses  on  minerals  of 
the  pegmatite  were  also  undertaken  to 
provide  additional  information  about  the 
thermal  and  metamorphic  history  of  the 
rocks  (see  Fig.  58).  Rb-Sr  whole-rock 
analyses  have  so  far  given  indication  only 
of  a  later  incomplete  Sr  exchange.  An 
isochron  that  might  be  interpreted  as  the 
age  of  intrusion  or  time  of  later  Sr  equi- 
libration was  not  obtainable.  Rb-Sr 
analyses  of  some  large  relicts  of  musco- 
vite "books"  (Rb87/Sr86  =  ca.  1600)  gave 
ages  of  260  and  275  m.y.,  and  these  ages 
have  to  be  considered  as  the  minimum  age 
of  the  intrusion.  However,  the  fine  musco- 
vites  with  the  feldspars  and  apatite  de- 
fine an  isochron  of  201  m.y.  Ages  of 
about  200-225  m.y.  have  been  found  also 
by  other  workers  for  several  pegmatites 
(Ferrara  et  al.,  1962  ;91  Hanson  et  al., 
1966  92),  a  whole-rock  granite  porphyry 
(Hanson  et  al,  1969), 93  and  numerous 
biotites  (McDowell,  1970) 94  from  the 
central  and  southern  Alps.  It  is  therefore 
likely  that  at  this  time  the  temperatures 
were  high  enough  to  allow  Sr  equilibra- 
tion between  the  finer  minerals  of  the 
pegmatite.  Hence  the  emplacement  of  all 
these  pegmatites  might  well  be  of  Vari- 
scan  age. 

The  biotite  age  of  45  m.y.  (Rb87/Sr86 
=  2900)  cannot  be  interpreted  from  the 
available  data.  It  might  be  either  a  mixed 
age  or  a  true  cooling  age. 

The  zircons  of  the  quartzites  from  the 
country  rock  (MAR  3)  are  well  rounded 
and  show  the  typically  pitted  surface  of 
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Fig.  57.  Concordia  diagram  showing  zircon  data  from  the  Val  di  Martello  and  the  Caledonian 
basement  of  the  Alps.  (Data  from  Grauert  and  Arnold,  1968  ;88  Pidgeon  et  al.,  1970  ;m  and  Koppel 
and  Griinenfelder,  1971 90). 


zircon  grains  from  sandstones  (see  Pol- 
dervaart,  1955)  .95  No  overgrowth,  out- 
growth, or  resorption  phenomena  could  be 
observed.  The  whole  population  is  prob- 
ably a  mixture  of  zircons  from  genetically 
different  parent  rocks.  The  four  analyzed 
size  fractions  fall  approximately  on  a 
straight  line  {A)  which  intersects  the 
concordia  curve  at  about  330  m.y.  and  be- 
tween 1900  and  2000  m.y.  It  is,  therefore, 
most  likely  that  the  detrital  zircons  came 
from  the  same  unknown  source  region  (at 
least  1500  m.y.  old)  which  also  supplied 
the  inherited  zircons  of  the  Caledonian 
paragneisses  of  the  Alps  (Grauert  and 
Arnold,  1968  ;96  Pidgeon  et  al,  1970; 
Koppel  and  Griinenfelder,  1971)  and  of 
the  pre-Permian  basement  of  Eastern 
Bavaria  (Grauert  et  al.,  1971).  How- 
ever, there  still  remains  the  question  of 


whether  these  zircons  came  directly  into 
the  quartzite  from  the  old  source  region 
or  whether  they  were  first  deposited  in  a 
Caledonian  geosyncline,  metamorphosed, 
and  again  eroded  and  transported.  By 
microscopic  studies  we  have  not  been  able 
to  find  grains  that  can  be  clearly  regarded 
as  zircons  from  Caledonian  orthogneisses. 
Thus,  we  can  only  conclude  that  at  least 
the  high-grade  metamorphic  parts  of  the 
Caledonian  basement  are  probably  out  of 
the  question  as  a  source  area. 

The  zircons  from  the  quartzite  inclu- 
sions (MAR  2)  look  essentially  the  same 
as  those  from  the  country  rock.  In  addi- 
tion, however,  there  are  some  small 
euhedral  crystals  (less  than  1%)  which 
are  obviously  not  inherited.  They  are 
long,  prismatic,  dark  brown,  not  translu- 
cent, and  sometimes  contain  a  small  clear 
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Fig.  58.   Rb-Sr  data  for  mineral  fractions  of  the  pegmatite  samples  MAR  10  and  MAR  11  from 
the  Val  di  Martello. 


core.  Unfortunately,  we  cannot  say 
whether  they  occur  throughout  the  whole 
inclusion  or  if  they  grew  only  at  the 
margin  nearest  the  pegmatite.  The  zir- 
cons of  the  pegmatite  (MAR  1)  are  ex- 
clusively euhedral  and  are  extremely  rich 
in  uranium  (about  8000  ppm).  They  are 
nearly  all  metamict.  So  at  least  three  of 
the  analyzed  zircon  samples  from  the 
inclusion  (MAR  2)  are  mixtures  with  a 
small  amount  of  very  uranium-rich  zir- 
cons of  type  MAR  1.  Only  in  the  coarsest 
fraction  was  a  complete  separation  ob- 
tained. In  all  fractions  from  the  inclu- 
sions, including  the  coarsest,  the  uranium 
concentration  (700-850  ppm)  is  signifi- 
cantly higher  than  in  those  from  the 
country  rock  quartzite  (140-350  ppm). 
Thus  the  effect  of  the  pegmatite  on  the 
inclusions  has  been  to  cause  a  lead  loss 
from  the  zircons  of  20  to  50%  and/or  a 


similar  or  even  higher  gain  of  uranium. 
In  an  experimental  study  Pidgeon  et  al. 
(personal  communication)  found  that 
zircons  in  a  2  M  NaCl  solution  enriched 
in  U235  at  1000  bar  fluid  pressure  take  up 
and  hold  comparable  quantities  of  ura- 
nium. As  the  pegmatite  is  obviously  rich 
in  uranium,  a  uranium  gain  of  the  detrital 
zircons  is  more  likely  than  episodic  lead 
loss.  On  the  other  hand,  the  small  de- 
viation of  the  pegmatite  zircon  (MAR  1) 
from  the  concordia  curve  is  probably  a 
mixing  effect  due  to  a  small  inherited 
component  of  zircon  from  the  country 
rock.  The  lower  intersection  with  the 
concordia  curve  of  line  B  which  connects 
the  points  of  MAR  1  and  MAR  2  does  not 
give  the  time  of  the  pegmatite  intrusion, 
as  one  could  suppose  from  the  fair  agree- 
ment with  the  201-m.y.  age  of  the  Rb-Sr 
mineral  isochron  (see  Fig.  58.) 
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U-Th-Pb  Systematics  and  the  Age  of  the 
Onverwacht  Series,  South  Africa 

A.  K.  Sinha 

We  have  been  studying  various  aspects 
of  the  geochemistry  of  ancient  volcanic 
rocks  for  several  years  as  a  way  of  exam- 
ining the  composition  of  the  mantle  at  an 
early  stage  in  Earth's  history.  Last  year 
we  reported  on  the  U-Th-Pb  systematics 
of  2.7-b.y.  volcanic  rocks  from  the  Pre- 
cambrian  of  Canada.  Through  the  cour- 
tesy of  Dr.  A.  Burger  we  were  able  to 
obtain  samples  of  an  even  older  volcanic 
sequence,  the  Onverwacht  Group,  South 
Africa,  and  we  report  here  the  U-Th-Pb 
results  from  these  rocks. 

The  Onverwacht  Group  is  the  oldest 
volcanic  series  yet  documented  on  Earth, 
with  a  probable  age  of  at  least  3360  m.y. 
as  determined  from  a  Pb-Pb  isochron  on 
zircon  and  sulfides  from  a  felsic  unit  in 
the  upper  Onverwacht  (van  Niekerk  and 
Burger,  1969). 97  Rb-Sr  whole-rock  dat- 
ing of  felsic  volcanics  from  the  Onver- 
wacht gives  a  much  younger  age  of  2540 
m.y.  which  probably  reflects  later  open 
system  behavior  of  the  Rb-Sr  system 
(Allsopp  et  al,  1968). 98  Rb-Sr  whole- 
rock  dating  of  fine  laminae  from  a  sedi- 
ment near  the  middle  of  the  Onverwacht 
Group  gives  a  well-defined  isochron  of 
3375  m.y.  (Hurley  et  al,  1972) ,"  in  good 
agreement  with  the  Pb-Pb  age. 

Five  samples  were  analyzed,  four  of 
which  are  basalts  or  andesites  and  one 
(0-3)  a  dacite.  The  Pb  contents  show  a 
fairly  large  range  (2.9-46.8  ppm), 
whereas  the  U  and  Th  contents  are  more 
restricted  in  spread  (0.016—0.098  ppm  and 
0.146-0.70  ppm,  respectively). 

On  U/Pb  and  Th/Pb  isochron  dia- 
grams the  data  all  plot  far  to  the  left  of  a 
3.3-b.y.  reference  isochron  showing  that 
the  volcanics  have  not  been  closed  sys- 
tems but  have  suffered  large  losses  of  U 
and  Th  and/or  gains  of  lead.  The 
Archean  volcanics  from  Canada  reported 
last  year  also  showed  open  system  be- 
havior but  less  severe  and  in  the  reverse 


sense :  most  points  plotted  to  the  right  of 
a  reference  isochron.  Thus,  two  volcanic 
series  of  similar  composition  have  both 
suffered  open  system  U-Th-Pb  behavior 
but  in  very  different  ways.  This  may  be 
related  in  some  way  to  the  different  cli- 
mate and  weathering  characteristics  of 
the  two  areas. 

It  is  clear  that  U-Th-Pb  concentration 
data  on  ancient  volcanic  rocks  must  be 
viewed  with  considerable  caution  when 
studying  the  primary  geochemistry  of 
such  volcanics.  Some  useful  data  can  be 
obtained,  however,  through  use  of  the 
isochron  relationships.  For  example,  if 
Pb  is  considered  fixed  and  loss  of  U  and 
Th  is  assumed  to  explain  the  data,  then 
the  original  U  and  Th  contents  can  be 
calculated  by  forcing  the  data  to  fit  a 
reference  isochron.  This  technique  leads 
to  rather  high  values  for  U  (0.5—6  ppm) 
and  Th  (1.3-15  ppm)  concentrations, 
suggesting  that  the  Pb  should  be  con- 
sidered a  mobile  component  also.  Cal- 
culation of  the  Th/U  ratio  by  this 
technique  is  largely  independent  of  as- 
sumptions regarding  the  Pb,  however,  and 
produces  a  very  narrow  range  of  Th/U 
ratios  for  the  five  samples  (3.1-3.4). 
Th/U  ratios  for  modern  island  arc  rocks 
show  a  significant  variation:  2.5  for 
Japanese  volcanics  (Tatsumoto  and 
Knight,  1969)  ;100  2.8  for  Caribbean  vol- 
canics (Donnelly  et  al,  1971)  ;101  4.2  for 
New  Zealand  volcanics  (Ewart  and  Stipp, 
1968)  ;102  and  6.4  for  Tonga  volcanics 
(Sinha  and  Hart,  this  report).  The 
Archean  volcanics  from  the  Canadian 
shield  give  a  Th/U  ratio  of  2.6  for  13 
samples  when  calculated  by  the  above 
technique.  Thus  there  is  no  evidence  from 
our  data  thus  far  for  a  gross  change  of 
Th/U  ratio  of  Earth's  mantle,  at  least 
over  the  past  3.4  by. 

The  Pb  isotope  data  for  the  Onver- 
wacht lavas  are  shown  in  Fig.  59.  The 
data  define  a  fairly  precise  secondary 
isochron  of  3180  ±  150  m.y.  age,  and  this 
isochron  passes  slightly  above  (but  in- 
cludes   within    the    uncertainties    of    its 
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Fig.  59.  Lead  isotope  diagram  for  Onverwacht  samples,  showing  whole-rock  volcanics  and  acid 
washes  of  three  samples.  Also  shown  is  a  galena  sample  from  the  Rosetta  Mine.  Solid  line  is  a 
regression  line  for  the  volcanics  and  galena;  dashed  line  is  for  volcanics  only. 


slope)  the  average  common  lead  for 
galenas  from  the  Swaziland  system 
(which  includes  the  Onverwacht  Group) . 
The  isochron  including  Rosetta  galena 
has  an  age  of  3270  ±  90  m.y.  This  whole- 
rock  volcanic  Pb-Pb  age  is  the  same, 
within  error  limits,  as  the  zircon-sulfide 
Pb-Pb  age  reported  by  van  Niekerk  and 
Burger  (1969)  and  shows  that  the  dis- 
turbances to  the  U-Pb  systems  discussed 
above  are  probably  of  recent  origin  (i.e., 
weathering) .  It  is  interesting  to  note  that 
reasonable  ages  can  be  obtained  on  the 
basic  rocks  by  Pb  isotope  techniques, 
whereas  the  U-Pb  and  Th-Pb,  as  well  as 
the  Rb-Sr  data  on  felsic  volcanic  rocks 
(Allsopp  et  at.,  1968),  indicate  significant 
open  system  behavior.  Also,  the  col- 
linearity  of  the  volcanic  data  and  the 
galena  data  supports  the  use  of  the  galena 
data  as  a  valid  estimate  of  the  Pb  isotopic 
composition  of  Earth's  mantle  3.4  b.y. 
ago. 
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A  Geochemical  Test  of  the  Subduction 

Hypothesis   for    Generation    of 

Island  Arc  Magmas 

A.  K.  Sinha  and  S.  R.  Hart 

Volcanic  rocks  of  island  arcs  differ  in 
many  geochemical  characteristics  from 
volcanic  rocks  of  other  tectonic  environ- 
ments, and  the  genesis  of  these  rocks  has 
been  an  unsolved  problem  for  many 
years.  With  the  development  of  the  plate 
tectonics  hypothesis,  several  models  have 
been  advanced  for  island  arc  volcanism 
which  use  the  subducted  or  underthrust 
oceanic  plate  as  a  source  for  various  con- 
stituents of  arc  magmas.  These  models 
range  from  direct  generation  of  calc-alka- 
line  rocks  by  hydrous  melting  of  the  basic 
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crust  part  of  the  oceanic  plate  (Green 
and  Ringwood,  1966) 103  to  the  use  of  the 
plate  only  as  a  source  of  water  (Mc- 
Birney,  1969) 104  or  sediment  (Coats, 
1962) 105  in  the  production  of  the  magmas 
from  the  sub-arc  mantle.  Various  tests 
of  these  models  have  compared  the  geo- 
chemical  characteristics  of  the  arc  lavas 
with  those  of  the  down-going  plate. 
Tatsumoto  and  Knight  (1969) 106  ana- 
lyzed Japanese  volcanics  for  U,  Th,  and 
Pb  concentrations  and  Pb  isotopic  com- 
position and  showed  that  these  values 
could  be  modeled  by  mixing  sea-floor 
basalt  plus  small  amounts  (2%)  of 
oceanic  sediment  with  normal  mantle- 
type  basalts.  Armstrong  and  Cooper 
(1972) 107  determined  the  isotopic  com- 
position of  lead  in  volcanic  rocks  from 
New  Zealand  and  the  Caribbean  and 
found  that  these  leads  were  similar  to 
ocean  sediment  leads  but  different  from 
"mantle  leads"  (as  defined  by  volcanic 
rocks  from  oceanic  islands).  Thus  the 
subduction  model  for  island  arc  magma 
genesis  has  become  very  popular,  and 
most  of  the  petrologic  and  geochemical 
evidence  to  date  is  consistent  with  such 
a  model.  We  present  here  the  first  data 
that  appear  to  seriously  threaten  this 
model  and  we  suggest  that  alternative 
models  involving  partial  melting  of  the 
mantle  overlying  the  subduction  zone 
should  be  given  more  serious  considera- 
tion. 

We  have  analyzed  four  volcanic  rocks 
from  the  Tonga-Kermadec  arc  (described 
by  Bryan  and  Ewart,  1971  )108  and  five 


sediment  samples  from  the  ocean  floor 
just  outside  the  trench  for  U,  Th,  Pb,  K, 
Rb,  Cs;  Sr,  Ba  concentrations  and  Sr  and 
Pb  isotopic  compositions.  This  study  is 
the  first  which  combines  a  wide  range  of 
element  concentrations  with  precise  iso- 
topic data  for  both  volcanic  and  sediment 
samples  from  a  given  arc  area.  Averaged 
data  for  the  volcanics  and  sediments  are 
given  in  Table  17,  along  with  values  for 
typical  ocean  floor  basalt  for  comparison. 
The  three  volcanics  represented  in  the 
table  are  andesites  from  Late,  Raoul,  and 
Hunga  Ha'apai  Islands;  a  fourth  sample, 
a  basalt  from  Eua  Island,  is  not  included 
because  it  does  not  appear  to  be  a  typical 
arc  volcanic  product  but  may  instead  be 
an  overthrust  section  of  oceanic  crust. 
The  low  Ba  concentration  of  this  sample 
(10  ppm)  and  high  values  for  K/Rb, 
K/Cs  and  K/Ba  strongly  suggest  kinship 
with  ocean  floor  basalt  rather  than  with 
island  arc  basalt. 

The  last  column  of  Table  17  gives  for 
each  element  the  proportion  of  sediment 
which  would  have  to  be  mixed  with  ocean 
floor  basalt  to  produce  the  concentrations 
observed  in  the  andesites.  These  propor- 
tions vary  widely,  showing  that  a  single 
mixture  of  sediment  and  ocean  floor  ba- 
salt will  not  satisfy  all  of  the  andesite 
data  simultaneously.  The  use  of  a 
weathered  composition  for  the  ridge  ba- 
salt end  member  does  not  avoid  this 
problem.  Thus  a  sediment  contamination 
model  is  unacceptable  unless  it  provides 
for  preferential  extraction  or  contamina- 
tion of  certain  elements  (Pb)  relative  to 


TABLE  17.   Average  Trace  Element  Data  for  Sediments  and  Andesites 
of  Tonga  Island  Arc  Area 


Average 

Average 

Average 

Sediment  Mixing 

Sediment  (5) 

Andesite  (3) 

Ridge  Basalt 

Proportion,  % 

K  (%) 

1.35 

0.318 

0.11 

15 

Rb,  ppm 

49 

4.6 

1.1 

7 

Cs,  ppm 

3.4 

0.23 

0.016 

6 

Ba,  ppm 

740. 

95. 

11. 

11 

Pb,  ppm 

16.0 

11.4 

0.80 

66 

U,  ppm 

0.84 

0.10 

0.10 

0 

Th,  ppm 

6.7 

0.56 

0.14 

6 
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others  (such  as  U  and  Cs).  We  might 
also  point  out  that  some  of  our  sediment 
data  is  considerably  different  from  aver- 
age world-wide  oceanic  sediment  values, 
thus  stressing  the  importance  of  using 
data  for  sediments  from  a  given  arc  area. 
For  example,  our  Pb  and  Ba  values  are 
3-4  times  lower  than  commonly  quoted 
values  for  oceanic  sediment.  In  part  this 
may  reflect  regional  variation,  in  part 
local  heterogeneities.  Pb  is  concentrated 
in  ferromanganese  concretions  which  are 
abundant  at  the  sediment  surface;  and 
since  most  published  Pb  data  are  for 
samples  from  the  sediment  surface,  it  is 
probable  that  previous  estimates  for  Pb 
in  oceanic  sediment  are  much  too  high. 

The  lead  isotopic  data  for  the  sediment 
and  volcanic  samples  are  shown  in  Fig. 
60,  and  it  is  clear  that  the  Pb  in  the  vol- 
canics  is  quite  distinct  from  that  in  the 
sediments.  The  sediment  leads  fall  es- 
sentially on  the  trend  defined  by  world- 
wide oceanic  sediments  (Chow  and  Pat- 
terson, 1962)  ,109  whereas  the  volcanics 
fall  on  a  trend  which  includes  most 
oceanic  island  volcanics  (Oversby  and 
Gast,  1970)  ,110  tholeiites  and  high- 
alumina  basalts  from  Japan  (Tatsumoto 


and  Knight,  1969),  an  andesite  from  the 
Mariana  arc  (Tatsumoto,  1966a)111  and 
a  number  of  ocean  floor  basalts  (Tatsu- 
moto, 1966b).112  The  volcanics  do  not 
lie  along  mixing  lines  between  ocean-floor 
basalt  and  oceanic  sediment.  The  vol- 
canic trend  is  in  fact  sub-parallel  to  the 
sediment  trend  and  this  is  not  explicable 
by  any  simple  mixing  process  involving 
our  sediment  samples  and  any  other 
single  lead  component. 

In  terms  of  the  trace  elements  reported 
here,  the  Tonga  volcanics  do  not  differ 
in  any  important  way  from  the  volcanic 
rocks  of  oceanic  islands.  Oceanic  island 
volcanic  rocks  are  generally  accepted  as 
being  partial  melts  of  underlying  mantle, 
and  recourse  to  a  subduction  model  has 
not  been  necessary  for  these  rocks.  Since 
our  data  seriously  conflict  with  a  sub- 
duction model,  what  are  the  arguments 
against  a  simple  model  which  views  arc 
magmas  as  direct  partial  melts  of  an 
underlying  mantle  source  region?  First, 
laboratory  melting  experiments  have  not 
been  successful  in  reproducing  the  major 
element  chemistry  of  the  calc-alkaline 
magma  suite.  However,  hydrous  melting 
of  peridotite  has  been  shown  to  generate 
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Fig.  60.  Lead  isotope  diagram  for  sediments  and  volcanics  from  Tonga  Island  arc  region.  Open 
circles,  sediments;  solid  circles,  volcanics.  Triangles  are  basalts  from  spreading  ridges  (Tatsumoto, 
1966b)."2  Dashed  lines  are  regression  lines  fit  to  the  sediment  and  volcanic  data.  Shown  also  is 
a  ix  =  9  growth  curve. 
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liquids  that  bear  some  resemblance  to 
calc-alkaline  magmas  (Yoder,  1969  ;113 
Kushiro  et  al.,  1972  114),  and  further  ex- 
ploration of  the  compositional  and  pres- 
sure-temperature variables  may  improve 
the  match.  Armstrong  (1971) 115  has 
argued  that  the  wedge  of  mantle  above 
the  down-going  plate  is  not  capable  of 
supplying  the  quantities  of  materials  nec- 
essary to  construct  the  crust  of  a  volcanic 
arc.  Recent  evidence  favoring  mantle 
mobility  behind  island  arcs  (Karig, 
1970), 116  however,  suggests  that  convec- 
tive  or  upwelling  processes  may  con- 
tinually replenish  the  mantle  under  arcs 
and  thus  provide  a  steady-state  source  of 
arc-building  materials.  In  any  event, 
the  data  reported  here  require  a  serious 
reevaluation  of  the  subduction  model  for 
arc  magma  genesis  but  are  consistent  with 
a  model  involving  primary  partial  melt- 
ing, with  perhaps  only  the  introduction 
of  water  from  the  down-going  plate. 

Andean  Geochemical  Studies 
D.  E.  James,  C.  Brooks,  and  A.  Cuyubamba 

An  ultimate  objective  in  the  study  of 
the  solid  earth  is  to  understand  the  proc- 
esses— tectonic  and  geologic — that  have 
formed  the  planet.  From  this  under- 
standing of  processes  we  would  hope  to 
be  able  to  infer  how,  in  the  sweep  of 
geologic  history,  the  oceans  and  conti- 
nents have  formed,  orogenic  belts  have 
originated  and  evolved,  and  the  rock  as- 
semblage of  the  world  has  been  created. 

The  theory  of  plate  tectonics,  in  all  of 
its  imperfect  simplicity,  has  produced  by 
far  the  most  satisfactory  models  for  under- 
standing the  processes  and  evolution  of 
the  earth.  An  especially  powerful  fea- 
ture of  the  plate  model  has  been  the 
drawing  together  of  observations  from 
geology,  geophysics,  and  geochemistry 
into  a  coherent  and  unified  view  of  earth 
history.  In  the  previous  Year  Book  we 
attempted  to  synthesize  geophysical,  geo- 
logical, and  geochemical  data  into  a  co- 
herent plate  tectonics  model  of  the  evolu- 


tion of  the  central  Andes  of  South 
America  during  Mesozoic  and  Cenozoic 
times.  The  study  was  based  in  large 
measure  upon  geophysical  data,  princi- 
pally crustal  and  upper  mantle  structure, 
and  geology  of  the  Andean  volcanic  arc. 
The  little  geochemical  data  available 
are  tantalizing  but  woefully  inadequate; 
the  paucity  of  data  constitutes  perhaps 
the  most  serious  impediment  to  achieving 
understanding  of  Andean  evolution.  We 
decided  on  this  basis  to  direct  our  efforts 
toward  geochemistry  and  to  look  to  the 
rocks  for  the  clues  to  unraveling  the  his- 
tory of  the  central  Andes.  Part  of  the 
past  year  has  been  devoted  to  the  initia- 
tion of  this  new  program,  the  substance  of 
which  is  described  below. 

As  the  application  of  plate  theory  to 
the  evolution  of  continental  margins  has 
grown  in  recent  years,  the  geochemistry 
of  arc-related  volcanic  rocks  has  assumed 
special  significance:  (a)  Certain  chemis- 
try of  modern  rocks  (e.g.,  potash,  Sr,  and 
possibly  other  trace  element  contents) 
has  been  shown  to  be  systematically  re- 
lated to  depth  to  the  Benioff  zone  beneath 
the  sites  of  extrusion;117* 118'119  and  (b) 
widely  recognized  rock  assemblages  in 
mountain  belts  the  world  over  bear  close 
chemical  similarity  to  those  of  active 
arcs.  Thus  the  chemistry  of  arc-related 
modern  volcanic  rocks  provides  criteria 
whereby  older  rocks  may  be  used  to  map 
now  extinct  Benioff  zones. 

In  this  context,  the  geochemistry  of  the 
Andean  rocks  takes  on  dual  significance: 
(1)  The  Andes  represent  the  only  impor- 
tant modern  analogue  to  cordilleran 
mountain  belts  that  may  have  formed  as 
volcanic  arcs  on  continental  margins. 
They  are  therefore  an  important  area  for 
establishing  and  assessing  the  geochem- 
ical criteria  necessary  to  understand  tec- 
tonic and  geologic  evolution  of  inactive 
cordilleran  orogenic  belts.  (2)  The  geo- 
chemical data  from  Andean  rocks  are 
essential  to  producing  a  definitive  model 
for  Andean  evolution  during  the  past 
200  million  years.   The  geochemical  rec- 
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ord  of  the  older  Andean  volcanic  and 
plutonic  rocks  should  ultimately  yield 
information  as  to  the  position  and  dip  of 
the  Benioff  zone  through  time.  Such  data 
may  resolve  the  crucial  question  of 
whether  or  not  the  subduction  zone  has 
ever  flipped  (as,  for  example,  by  conti- 
nent island-arc  collision) . 

An  implicit  assumption  through  the 
preceding  discussion  is  that  the  geochem- 
istry is  time  based.  Geochronology  plays 
an  essential  complementary  role  in  geo- 
chemical  investigation  of  the  older  rocks 
of  the  orogen.  It  is  clear  that  if  geochem- 
ical  data  are  to  be  useful  in  interpreting 
Andean  evolution  precise  age  chronology 
must  be  established  for  the  sample  from 
which  the  data  have  been  obtained. 

The  extent  of  previous  geologic  work 
is  an  important  consideration.  Much  of 
the  region  is  not  well  mapped  geologi- 
cally; but  there  are  large  areas,  including 
the  critical  Arequipa  profile,  that  have 
been  mapped  at  a  scale  of  1:100,000. 
Other  maps,  most  of  them  not  published 
but  otherwise  complete,  cover  much  of 
Peru  at  scales  between  1:100,000  and 
1:1,000,000.  Good  geologic  maps  of  Bo- 
livia, while  not  yet  published,  are  avail- 
able. The  studies  are  limited  to  areas 
that  have  been  adequately  mapped.  Dur- 
ing the  fall  of  1971  we  collected  112 
samples  (some  2300  pounds  of  rock)  for 
geochemical  analysis.  The  sample  local- 
ities are  shown  in  Fig.  61,  and  profiles  for 
future  collections  are  shown  in  Fig.  62  as 
dashed  lines. 

Our  objective  is  to  obtain  a  definitive 
set  of  geochemical  data  that  bears  upon 
the  evolution  of  the  central  Andean  vol- 
cano-plutonic  orogen.  These  studies  of 
the  igneous  rocks  are  directed  toward 
ascertaining  spatial  and  temporal  param- 
eters associated  with  tectonic  develop- 
ment of  the  continental  margin.  We  seek 
answers  to  the  following  questions: 

1.  Are  the  andesilic  eruptive  suites  and 
the  granitic  intrusive  suites  comagmatic? 
Precise  comparative  chronology  and 
chemical  analysis  coupled  with  already 


established  field  relations  to  the  two 
suites  provide  the  critical  data  needed  to 
resolve  this  question. 

2.  Are  the  volcano-plutonic  suites  of 
the  Andean  volcanic  arc  of  extra-crustal 
origin?  Evidence  has  accumulated  in  re- 
cent years  that  supports  the  notion  that 
volcanic  rocks  derive  from  beneath  the 
crust.  Empirical  observations  such  as 
correlation  of  potash  and  Sr  content  to 
depth  of  the  Benioff  zone  provide  cir- 
cumstantial evidence  that  magma  genera- 
tion is  controlled  by  subduction.  Uni- 
formly low  Sr87/Sr86  ratios  of  island  arc 
volcanics  (see  compilation  by  Dickinson, 
1970) 120  provide  direct  evidence  suggest- 
ing that  the  rocks  do  not  originate  by 
simple  anatexis  of  older  crust.  Nonethe- 
less, the  question  of  origin  of  cordilleran 
volcano-plutonic  suites  is  still  hotly  de- 
bated and  can  be  resolved  in  the  Andes 
only  by  careful  study  of  the  kind  that  has 
been  applied  to  island  arcs.  One  of  us 
(James)121  has  previously  speculated  on 
geophysical  grounds,  chiefly  crustal  vol- 
ume, that  the  volcano-plutonic  assem- 
blages do  indeed  originate  beneath  the 
crust,  probably  from  the  top  of  the  under- 
thrust  plate.  This  speculation  is  testable 
by  trace  element  geochemistry  and 
Sr87/Sr86  measurements  which  provide 
independent  evidence. 

3.  What  has  been  the  position  and  dip 
of  the  Benioff  zone  as  a  function  of  time 
since  late  Triassic/early  Jurassic  time? 
Potash,  Sr,  and  possibly  other  trace  ele- 
ments (e.g.,  Rb,  Ba,  Ni,  Cr,  Ce)  coupled 
with  precise  dating  hold  the  most  promise 
for  answering  this  question. 

4.  Has  the  volcano-plutonic  activity 
been  truly  episodic?  How  regular  has 
been  its  migration  eastward?  These  two 
related  questions  can  be  evaluated  and 
resolved  only  with  precise  geochrono- 
logical  ages. 

5.  What  relationship,  if  any,  do  older 
metamorphic  rocks  associated  spatially 
with  the  volcanic  arc  have  to  the  pre- 
existing South  American  continental  mar- 
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Fig.  62.   Geologic  map  showing  proposed  profiles   for   future  geochemical  studies.    Profiles   are 
shown  as  dashed  lines. 


316 


CARNEGIE     INSTITUTION 


gin  and  the  present  arc?  This  is  a  per- 
plexing question  and  a  difficult  one  to 
attack  or  resolve.  Our  efforts  are  now 
directed  primarily  toward  dating  the 
rocks  (most  of  which  are  gneisses  situated 
along  the  coast  of  southern  Peru).  Ulti- 
mately we  hope  to  resolve  the  question  of 
whether  these  rocks  represent  the  Paleo- 
zoic South  American  borderland  or  are 
fragments  swept  in  on  the  down-going 
Nazca  plate. 

6.  What  is  the  significance  of  the  Pale- 
ozoic and  early  Mesozoic  plutonic  rocks 
of  the  eastern  cordillera  (fold  ranges 
situated  to  the  east  of  the  volcanic  arc 
and  separated  from  it  by  the  altiplano)  ? 
Are  these  anatectic  or  are  they  associated 
in  some  manner  with  subduction?  To 
evaluate  the  origin  of  these  rocks,  it  is 
necessary  to  know  both  the  geochrono- 
logic  age  as  accurately  as  possible  and 
the  strontium  isotope  ratios.  Of  especial 
interest  are  the  Sr  isotope  ratios  com- 
pared to  similar  rocks  of  the  western  vol- 
canic arc.  If,  as  has  been  suggested 
(R.  P.  Morrison,  personal  communica- 
tion) ,  the  granitic  bodies  of  the  eastern 
ranges  formed  by  anatectic  melting  of 
Paleozoic  sedimentary  rocks,  we  expect 
to  measure  high  Sr87/Sr8C  initial  ratios. 

Strontium  and  rubidium  concentrations 


have  been  measured  by  X-ray  fluores- 
cence to  establish  preliminary  trends,  if 
any,  in  the  rock  chemistry.  The  Sr  values 
for  volcanic  rock  are  shown  in  Fig.  63 
and  those  for  intrusive  rocks  in  Fig.  64. 
The  Rb  concentrations  tend  to  follow  an 
inverse  correlation  to  Sr  and  are  not 
shown.  The  intrusive  and  volcanic  rock 
groups  show  quite  different  characteris- 
tics, with  little  correlation  between  Sr  and 
depth  to  the  Benioff  zone  (h)  shown  for 
the  intrusive  suites. 

The  volcanic  rocks  have  been  grouped 
according  to  field  classifications  into  ba- 
salts, andesites,  and  rocks  more  silicic 
than  andesite.  It  is  likely  that  several 
of  the  "basalt"  samples  are  actually  an- 
desites. The  basalts  and  andesites  of  Fig. 
63  show  a  clear  Sr-/i  correlation  for 
h  <  150-160  km;  for  h  greater  than  160 
km,  the  Sr  concentrations  decrease  sys- 
tematically. The  correlation  of  increas- 
ing Sr  concentration  with  depth  to  the 
Benioff  zone  has  been  shown  by  Hart 
(1970)  to  hold  for  several  island  arcs. 
The  increasing  Sr  content  with  distance 
from  the  trench  is  expected  and  suggests 
that  the  Andean  volcanics  are  of  similar 
genesis  to  island  arc  volcanics.  The  in- 
verse Sr-/i  correlation  for  h  >  160  km  is 
unexpected.   The  locus  of  volcanic  activ- 
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Fig.  63.  Sr  concentration  of  central  Andean  volcanic  rocks  (grouped  by  type)  related  to  depth 
to  Benioff  zone.   N  indicates  samples  from  northern  part  of  the  area  studied. 
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Fig.  64.  Sr  concentration  of  central  Andean  plutonic  rocks  related  to  depth  to  Benioff  zone. 
N  indicates  samples  from  northern  part  of  area  studied;  M  indicates  samples  from  median  part 
of  area  studied. 


ity  in  the  central  Andes  is  along  a  line 
some  150-160  km  above  the  Benioff  zone. 
It  may  be  that  declining  Sr  concentra- 
tions in  rocks  to  the  northeast  of  this  line 
are  the  result  of  increasing  differentia- 
tion. Low  Sr  values  in  the  silicic  volcanic 
rocks  and  mixed  values  in  the  intrusive 
rocks  may  similarly  be  the  result  of  dif- 
ferentiation within  the  crust. 

Preliminary  measurements  of  potas- 
sium concentration  for  volcanic  rocks 
along  a  profile  normal  to  the  trench  show 
that  potash  increases  with  depth  to  the 
Benioff  zone  even  for  h  >  160  km.  The 
potash  does  not  follow  Sr  for  h  >  160 
km,  but  instead  conforms  to  the  trends 
described  by  Dickinson  n?,  118,120  for 
island  arcs. 


The  field  work  for  this  experiment  was 
supported  in  part  by  a  grant  from  the 
H.  0.  Wood  fund.  Shipment  of  the  rocks 
from  Peru  was  facilitated  by  the  cooper- 
ation of  the  Institute  Geofisico  del  Peru 
and  the  Inter-American  Geodetic  Survey. 


Electrical  Conductivity  Studies  in 
the  Andean  Cordillera 

L.  T.  Aldrich,  M.  Casaverde,  R.  Salgueiro,  J. 

Bannister,    F.    Volponi,    S.    del    Pozo,    L. 

Tamayo,    L.    Beach,    D.     Rubin,    R. 

Quiroga,  and  E.  Triep 

For  ten  years  this  Department  has 
been  engaged  in  collaborative  observa- 
tions and  analysis  of  the  geomagnetic 
data  associated  with  the  anomalous  con- 
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ductivity  structure  in  South  America. 
This  work  has  been  supported  jointly  by 
the  Carnegie  Institution  and  the  National 
Science  Foundation.  To  date,  records 
have  been  or  are  being  obtained  from 
about  75  stations  in  Peru,  Bolivia,  Chile, 
and  Argentina.  Preliminary  analyses  of 
these  data  have  been  presented  by  Sch- 
mucker  122  and  Casaverde  123  and  in  sev- 
eral Annual  Reports  of  the  DTM.  During 
the  past  two  and  a  half  years  the  number 
of  stations  for  which  data  were  available 
has  been  almost  doubled.  More  than  one 
hundred  night-time  events,  i.e.,  changes 
in  the  Earth's  magnetic  field,  have  been 
digitized  for  sixty  stations  in  region  I 
of  Fig.  65  and  transfer  functions  relating 
the  variations  among  the  three  compo- 


Fig.  65.  Regions  of  South  America  in  which 
densely  spaced  geomagnetic  observations  for 
electrical  conductivity  studies  have  been  made. 


nents  of  the  magnetic  field  as  a  function 
of  period  have  been  determined.  Twenty- 
one  events  have  been  analyzed  for  two  or 
more  stations.  Seven  stations  have  had 
three  or  more  different  events  analyzed. 
These  data  provide  information  about 
the  electrical  characteristics  of  each  sta- 
tion and  the  constancy  in  time  of  these 
properties. 

As  this  report  is  written  fifteen  sta- 
tions, including  six  new  variometers  con- 
structed in  the  DTM  shop,  are  recording 
in  the  region  bounded  by  latitudes  30-34° 
south  and  longitudes  68-72°  west  (region 
II,  Fig.  65) .  It  is  hoped  that  this  net  will 
provide  sufficient  data  to  use  day-time 
events  with  a  strong  E-W  component  to 
look  for  dZ/dD.  If  the  conductivity 
structure  is  N-S  in  direction,  it  will  only 
induce  a  Z  field  from  variations  in  the  D 
(E-W)  component  of  the  earth's  field. 
Reconnaissance  measurements  have  been 
obtained  as  far  north  as  4.5  °S  and  as  far 
south  as  37 °S  in  central  Chile.  The  high- 
est density  of  stations  exists  in  the  region 
bounded  by  latitudes  10-20 °S  and  longi- 
tudes 63-78 °W,  as  shown  in  I,  Fig.  65. 

Figure  66a  shows  the  contour  maps  of 
the  H-Z  cotransfer  functions  at  a  period 
of  64  minutes  for  the  region  of  "densely" 
located  stations.  The  line  where  the 
transfer  function  is  zero  marks  the  posi- 
tion of  the  anomaly  closest  to  the  surface 
if  one  assumes  a  simple  two-dimensional 
model  for  the  structure  of  the  anomaly. 
The  pattern  of  Fig.  66a  is  relatively 
simple  and  its  period  and  dimensions  in- 
dicate a  deep-seated  conducting  region 
as  the  source.  In  contrast,  Fig.  66b,  the 
H-Z  cotransfer  function  at  a  period  of  16 
minutes,  has  much  more  structure  and 
much  smaller  distances  between  positive 
and  negative  values.  This  feature  of  the 
short-period  contours  was  confirmed  by  a 
series  of  Schlumberger  resistivity  meas- 


Fig.  66.  Contour  maps  showing  co-transfer  function  between  N-S  (H)  and  vertical  (Z)  com- 
ponents of  variations  in  the  magnetic  field.  Positive  values  indicate  buried  anomalous  conductiv- 
ity structure  to  the  west;  negative  values  are  west  of  such  a  structure.  (A)  Map  for  64-minute 
period.  (B)  Map  for  16-minute  period.  Smaller  structures  are  apparent  in  the  shorter-period 
contours. 
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Fig.  67.  Apparent  resistivity  versus  electrode  spacing   for  Schlumberger  observations  near  the 
line  of  zero  co-transfer  functions  of  Fig.  66.  Near-surface  low  resistivity  structure  is  indicated. 


ures  shown  in  Fig.  67.  Low  apparent 
resistivity  values  were  found  near  the 
surface  but  variations  of  a  factor  of  2  or 
3  were  found  from  one  region  to  another. 
The  shallow  low-resistivity  region  made 
it  impossible  to  detect  the  deep  anomaly 
by  direct  measurement,  in  contrast  to  the 
experience  in  South  Africa  by  Van  Zijl.124 

The  long-  and  short-period  data  can  be 
interpreted  only  in  the  broadest  of  terms 
at  this  time.  Several  additional  measures 
characterize  the  conductivity  structure 
in  southern  Peru.  In  Bolivia  more  meas- 
ures west  of  this  line  in  the  region  of 
Cochabamba  will  be  required  to  fully 
understand  this  anomaly.  A  third  region 
of  interest  lies  just  south  and  east  of 
Lima  where  the  long-period  zero  line  ap- 
pears to  be  shifted  abruptly  about  100 
km  east.  We  would  also  like  to  extend 
our  reconnaissance  studies  north  into 
Ecuador  and  Colombia. 

Data  from  two  stations  in  Chile,  one 
on  the  ocean  near  Valparaiso,  the  other 
east  of  Santiago,  have  shown  a  normal 
ocean-edge  induction  from  night-time 
events.  The  data  for  night-time  events 
from  the  network  in  Chile  and  Argentina 


will  be  very  helpful  in  determining  the 
correction  for  ocean-edge  effects  in  Peru 
and  at  the  intersection  between  the 
"normal"  region  in  Chile  with  the 
anomalous  region  in  southern  Peru  when 
this  is  found. 

Shipment  of  magnetic  variographs  be- 
tween the  various  countries  was  possible 
as  a  result  of  the  cooperation  of  the  Com- 
mission of  Geophysics  of  the  PAIGH  and 
the  Inter-American  Geodetic  Survey. 
This  cooperation  is  gratefully  acknowl- 
edged. 

Seismology 

Explosion  Seismic  Studies  of  the 
West  Coast  of  Southern  Peru 

L.  Ocola,  L.  T.  Aldrich,  D.  E.  James,  D.  Simoni, 

M.  Lazo,  A.  A.  Giesecke,  Jr.,  and 

A.  Rodriguez  B. 

Numerous  attempts125,126  to  define 
the  crustal  structure  in  Peru  and  Bolivia 
have  been  only  partially  successful.  The 
measurements  during  the  1957  Interna- 
tional Geophysical  Year  by  Tuve,  Tatel 
et  al.  indicated  the  existence  of  a  region 
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where  a  complete  structure  might  be  de- 
fined. It  was  decided  that  we  should 
make  a  small  preliminary  series  of  explo- 
sions at  the  best  available  shot  point 
along  the  coast  of  Peru  which  would  en- 
able us  to  obtain  a  reverse  from  the  shot 
point  used  in  1957  (Toquepala  mine  in 
southern  Peru) .  Through  the  efforts  of 
the  Instituto  Geofisico  del  Peru,  arrange- 
ments were  made  with  the  Peruvian 
authorities  and  the  general  manager  of 
Industrias  del  Mar,  S.  A.,  Lima,  to  make 
three  explosions  near  the  factory  of 
Industrias  del  Mar  at  Atico.  We  are 
indebted  to  Srs.  Yoshima  Yamada  T.  and 
Juan  Sano  for  their  unstinting  coopera- 
tion. 

Seven  DTM  portable  recording  sta- 
tions were  distributed  at  ranges  varying 
from  165  to  360  km  southeast  of  the  shot 
point.  Two  one-ton  and  one  two-ton  ex- 
plosions were  fired  and  timed  electrically. 
An  unreversed  ray-path  analysis  of  first 
and  later  arrivals  has  provided  the  fol- 
lowing highly  preliminary  results: 

1.  First  arrivals  provided  a  long  (120 
km)  segment  of  the  travel-time  curve 
with  first  arrivals  corresponding  to  a 
velocity  of  7.3  km.  This  is  the  only  veloc- 
ity obtained  by  first  arrivals.  Even  as 
an  unreversed  velocity,  it  is  high  for 
usual  crustal  models. 

2.  Large  arrivals  are  observed  at  times 
to  be  expected  for  spectral  reflection  from 
the  boundary  between  regions  character- 
ized by  velocities  6.1  and  7.25  at  a  depth 
of  about  15  km. 

3.  The  critical  distance  for  reflections 
from  the  boundary  between  regions  of 
velocities  7.3  and  8.0  km/sec,  respec- 
tively, is  190  km. 

4.  The  crossover  between  the  8  km/sec 
branch  and  the  7.3  km/sec  branch  of  the 
travel-time  curve  is  slightly  more  than 
350  km. 

These  parameters  determine  the  veloc- 
ity-depth profile  shown  in  Table  18.  This 
is  a  most  unusual  crustal  model  and  pro- 


TABLE  18.  Preliminary  Velocity-Depth  Model 
for  the  Coastal  Region  of  Southern  Peru 


Apparent  Velocity 
(km/sec) 


Thickness 

(km) 


6.0 

7.3 

8.0 

Depth  to  Moho  =  47.3  km. 


15.6 
31.7 


vides  considerable  impetus  for  a  full- 
scale  study  of  the  region  using  explosion 
techniques. 

The  field  work  involved  was  supported 
in  part  by  a  grant  from  the  H.  O.  Wood 
Fund.  Shipment  of  seismic  equipment  be- 
tween- countries  was  the  result  of  the  co- 
operative efforts  of  the  Commission  of 
Geophysics  of  the  Pan  American  Institute 
of  Geography  and  History  and  the  Inter- 
American  Geodetic  Survey.  These  efforts 
are  gratefully  acknowledged. 

The  Bore-Hole  Strainmeter  Installation 
in  Japan 

I.  S.  Sacks  and  S.  Suyehiro 

Explosion-induced  vibration  tests.  One 
of  the  goals  of  this  collaborative  effort  is 
to  determine  the  changes  in  the  strain 
field  which  occur  during  earthquakes. 
This  will  allow  an  estimate  of  the  propor- 
tion of  the  strain  energy  that  is  actually 
released  as  seismic  waves.  Because  the 
strain  field  decays  as  distance  cubed,  it 
is  necessary  to  install  strainmeters  in 
earthquake  regions  if  strain  steps  from 
small  earthquakes  are  to  be  recorded. 
This  means  that  the  instrument  will  be 
subjected  to  considerable  vibration  and 
acceleration  from  the  nearby  earth- 
quakes. Every  effort  was  made  in  the 
design  of  the  borehole  strainmeters  to 
protect  the  sensor  against  spurious  out- 
puts induced  by  severe  vibration  (Sacks 
et  al,  1971a;127  Sacks  et  al.,  1971b128). 
It  remained  necessary,  however,  to  sub- 
ject the  strainmeter  and  its  surrounding 
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rock  to  the  type  of  vibration  that  occurs 
during  earthquakes.  It  is  suspected,  for 
example,  that  many  of  the  apparently 
spurious  strain  steps  that  are  recorded 
by  extensometers  of  15  to  100  meter 
length  are  due  not  to  imperfection  in  the 
instrument  itself  but  rather  to  motion 
along  joints  and  faults  in  the  rock  inter- 
sected by  the  tunnel.  In  the  case  of  the 
borehole  strainmeter,  examination  of  the 
drill  core  allowed  us  to  select  unfractured 
rock  for  the  site  of  the  instrument. 

Some  vibration  tests  have  been  made 
on  extensometers  of  conventional  type  (S. 
Takemoto,  1970 ).129  The  present  test  is, 
however,  aimed  at  imposing  high  accel- 
erations not  only  on  the  instrument  but 
also  on  its  surrounding  rock  in  actual 
operational  condition.  A  shot  hole  5 
meters  deep  was  drilled  9  meters  away 
from  the  strainmeter  borehole,  and  ex- 
plosions using  25,  50,  100,  200,  400,  800, 
and  1600  grams  of  dynamite  were  fired  at 
the  bottom  of  the  water-filled  shot  hole. 
To  measure  acceleration,  a  three-compo- 
nent accelerograph  of  SMAC  type  (na- 
tural frequency:  20  cps,  damping  co- 
efficient: h  =  0.65,  sensitivity:  100  gal/ 
mm)  was  placed  7.3  meters  away  from 
the  shot  hole  in  the  entrance  of  the  main 
underground  seismograph  vault.  Acceler- 
ation at  a  distance  of  200  meters  was  also 
measured  from  the  magnetic  tape  record 
of  a  three-component  seismograph  in  the 
main  seismograph  vault.  Table  19  shows 


the  accelerations,  strain  steps,  and 
weights  of  explosive. 

Although  no  definite  scaling  law  be- 
tween weight  of  explosive  and  trace  am- 
plitude has  been  established,  the  ampli- 
tude is  proportional  either  to  the  weight 
itself  or  to  its  square  root  when  the  effi- 
ciency of  explosions  remains  the  same 
(Steinhart,  1961)  .13°  In  Fig.  68  accelera- 
tion measured  at  two  points,  8.8  m  (A) 
and  200  m  (B)  from  the  shot,  is  plotted 
against  the  square  root  of  the  weight  of 
explosives.  Since  a  fairly  good  propor- 
tionality is  maintained  between  these  two 
quantities,  the  same  efficiency  seems  to 
be  maintained  in  all  the  explosions. 
Therefore,  it  is  valid  to  assume  that  the 
volume  of  the  fractured  rock,  V,  is  pro- 
portional to  the  weight  of  the  explosive, 
W. 

V  ex    W  (1) 

According  to  half-space  theory,  the  strain 
step,  S,  will  be  proportional  to  the  cube 
of  the  ratio  of  the  radius,  d,  of  the  frac- 
tured rock  and  the  distance  to  the  strain- 
meter, r. 

S  oc   (d/r)3  (2) 

Since 

V  oc  d3  (3) 


and  r  is  constant  from  (1) 
it  follows 

8  cc    W 


(2),  and  (3), 


i.e.,  the  strain  step  is  directly  proportional 


TABLE  19.    Explosion  Test 


Weight  of 
Explosive 

Depth 

Observed     - 
Strain  Step 

(X  io-9)    - 

Acceleration  (gal) 

8.8  m  away 

200  m  away 

V 

R 

T 

V 

R 

T 

25 

4.5 

not 

156 

140 

52 

50 

4.5 

perceptible 
0.24 

246 

185 

61 

100 

4.5 

0.66 

372 

172 

81 

200 

4.0 

0.72 

510 

153 

120 

0.13 

1.10 

1.1 

400 

4.0 

1.80 

1070 

192 

154 

0.26 

1.8 

1.6 

800 

2.6 

3.84 

1560 

352 

285 

0.85 

2.4 

2.2 

1600 

2.6 

6.00 

sat. 

605 

375 

1.4 

3.1 

3.1 
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Fig.  68.   Relation  between  weight  of  explosive  and  acceleration.    (A)  8.8  meters  from  the  shot. 
(B)  200  meters  from  the  shot.   V,  vertical;  R,  radial;  T,  transverse. 
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Fig.   69.    Relation   between   observed   strain 
steps  and  weight  of  explosive. 


to  the  weight  of  explosives.  Figure  69 
shows  good  agreement  with  the  expected 
result. 

It  is  rather  difficult  to  estimate  the 
absolute  value  of  the  strain  step  from 
small  explosions,  for  the  reported  strain 
steps  associated  with  large  underground 
explosions  vary  according  to  the  condi- 
tions of  explosion  and  environment,  al- 
though direct  proportionality  between 
strain  steps  and  yields  is  common  (P.  R. 
Romig  et  al.,  1969  ;131  S.  W.  Smith  et  al, 
1969;132  D.  D.  Dickey,  1969;133  G. 
Boucher  et  al,  1971  134).  Because  the 
sense  of  all  the  observed  strain  steps  is 
consistently  compressional  and  the  values 
are  in  accord  with  theory,  no  spurious  be- 
havior could  be  detected  in  the  strain- 
meter. 

The  attenuation  of  the  horizontal  ac- 
celeration as  measured  at  the  two  points 
for  explosions  of  800  g  and  1600  g  is  as 
follows: 


Attenuation 

Weight  of 

of  Acceleration 

Explosive,  g 

Radial     Transverse 

800 

1/147           1/130 

1600 

1/195           1/121 

mean 

1/148 

This  value  leads  to  the  attenuation  law  of 
acceleration  oc  (distance)"10 


The  last  two  explosions  were  also  felt  in 
an  office  230  meters  away,  suggesting  an 
acceleration  of  1—2  gal,  which  further 
supports  the  above  attenuation  rate.  If 
the  acceleration  at  the  strainmeter  46 
meters  from  the  shot  is  interpolated,  the 
following  accelerations  in  gals  are  ob- 
tained: 

AVeight  of  Explosive      Vertical      Radial 
800  110  25 

1600  ...  42 

There  is  no  doubt  that  the  strainmeter 
was  subjected  to  very  high  accelerations. 
These  correspond  to  JMA  intensity  V  or 
even  VI  but  caused  no  obvious  spurious 
behavior.  The  strain  step  from  the  largest 
explosion  was  only  6  X  10~9,  whereas  the 
strain  step  expected  from  an  earthquake 
of  magnitude  6  at  a  distance  of  25  km, 
which  would  give  the  same  intensity  of 
vibration  (V)  at  the  instrument,  would 
be  approximately  10"6— 10"7. 

We  are  much  encouraged  by  the  con- 
sistency of  these  results,  which  suggests 
that  it  may  be  possible  to  determine  the 
absolute  amount  of  strain,  at  least  in 
shallow  stressed  regions,  which  are  those 
of  considerable  importance  in  earthquake 
prediction.  One  method  of  absolute  stress 
measurement  is  that  of  overcoring,  which 
has  been  successfully  used,  mainly  in 
deep  mines.  There  are  problems  in  apply- 
ing this  technique  in  holes  deeper  than 
about  20  meters  because  of  the  hydraulic 
lines  that  must  pass  up  the  drill  rods. 

The  method  we  suggest  has  been  de- 
scribed to  some  extent  in  the  explosion 
results  discussion.  If  one  reduces  the 
rigidity  in  a  volume  immersed  in  a 
stressed  region,  there  results  a  strain 
change  in  the  whole  region.  The  amount 
of  the  strain  change  at  any  measuring 
point  is  controlled  by  four  main  factors: 
( 1 )  The  distance  between  the  strain- 
relieved  volume  and  the  measuring  in- 
strument. (2)  The  size  of  the  strain- 
relieved  volume.  (3)  The  direction  of  the 
principal  stresses  relative  to  the  position 
of  the   measuring   strainmeter    and   the 
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volume.  (4)  The  amount  of  the  strain  in 
the  region,  which  is  what  we  would  like  to 
know.  The  size  of  the  relieved  volume 
can  be  determined  from  the  radiated 
spectrum  or  by  experiments  with  explo- 
sives. Determination  of  the  principal 
stresses  requires  a  number  of  measuring 
points  around  the  shot  hole  or  a  number 
of  shot  holes  around  the  measuring  point. 
Since  the  explosion  damages  only  a  small 
length  of  the  hole,  probably  less  than  one 
meter,  an  installation  may  be  used  over 
and  over  to  monitor  stress  changes  or  to 
measure  directly  methods  of  strain  relief 
such  as  water  injection. 

The  Q  at  the  Base  of  the  Mantle 
I.  S.  Sacks 

Early  work  by  Sacks  (1966)135  showed 
that  it  was  not  necessary  to  invoke 
anelastic-type  loss  mechanisms  or  drastic 
velocity  structure  at  the  base  of  the 
mantle  to  explain  the  spectral  amplitude 
and  time  behavior  of  diffracted  waves. 
Phinney  and  Alexander  (1966) 136, 137 
suggested  that  lateral  inhomogeneity  and 
layering  at  the  base  of  the  mantle  were 
necessary  to  explain  the  variations  they 
observed  in  diffracted  wave  amplitudes 
in  different  parts  of  the  globe.  Jordan 
and  Anderson  (1972) 138  studying  ScS  — 
S  times  attribute  the  large  scatter  to 
lateral  variations  in  shear  velocity.  More 
recently,  Bolt  (1972),139  using  very  high- 
magnification  seismographs,  has  reported 
small  high-frequency  arrivals  occurring 
at  the  same  time  as  the  normal  diffracted 
wave.  He  suggests  that  there  must  be  a 
low-velocity  channel  at  the  base  of  the 
mantle,  some  150  km  thick,  to  explain 
this  energy.  Hales,140  from  studies  of 
P-wave  travel  times,  finds  a  decrease  in 
the  rate  of  decrease  of  dt/dA  with  dis- 
tance at  about  85°.  This  is  equivalent  to 
a  500-km  height  above  the  core-mantle 
boundary.  The  decrease  in  velocity  could 
be  due  to  an  increase  in  the  density  re- 
sulting from  diffusion  of  core  material. 
Also,  if  there  is  radioactivity  (potassium) 


in  the  core  as  suggested  by  Rama  Murthy 
and  Hall  (1970) 141  a  high  thermal  grad- 
ient and  possible  partial  melting  at  the 
base  of  the  mantle  is  plausible.  The  fol- 
lowing study  was  designed  to  determine 
whether  the  Q  at  the  base  of  the  mantle 
was  significantly  lower  than  that  in  the 
lower  mantle. 

It  is  not  satisfactory  to  study  Q  by 
using  waves  that  approach  closer  and 
closer  to  the  core  because  the  effect  of 
diffraction  is  felt  by  longer  period  waves 
before  the  geometrical  shadow  and  be- 
cause the  suspected  negative  velocity 
gradient  at  the  base  of  the  mantle  makes 
the  rays  touch  the  core  at  smaller  epi- 
central  distances.  The  diffraction  process 
itself  is  equivalent  to  a  very  low-Q  region 
and  this  effect  swamps  any  effects  of 
anelasticity.  Fortunately,  however,  the 
ray  path  of  the  AB  branch  of  PKP  at 
near  antipodal  distances  is  similar  to  that 
of  diffracted  waves  in  that  the  seismic 
energy  spends  a  maximum  time  at  the 
base  of  the  mantle.  Comparison  of  the 
spectrum  of  this  phase  with  PKIKP 
which  travels  through  the  central  core 
and  spends  a  minimum  time  at  the  base 
of  the  mantle  allows  an  estimate  to  be 
made  of  the  Q  value  in  this  region.  The 
ray  paths  of  the  two  phases  whose  spec- 
tra are  compared  are  shown  in  Fig.  70. 
For  the  PKP  phase,  Q  of  the  outer  core, 
Q8,  is  known  to  be  about  10,000  from  a 
previous  study.  The  mantle  Q  (Qi)  to 
which  the  Q  at  the  base  of  the  mantle 
(Qo)  must  be  compared  is  taken  as  2000. 
This  is  probably  a  minimum  value  for  the 
lower  mantle.  This  conservative  choice  is 
worthwhile  because  it  will  make  any  dif- 
ference found  between  Qi  and  Q->  the 
more  convincing. 

For  the  PKIKP  phase  the  main  differ- 
ence that  must  be  taken  into  account  is 
the  path  through  the  inner  core.  The  ap- 
parent Q  (Q4)  for  this  region  was  deter- 
mined previously  (Sacks,  1971  )142  to  be 
about  1000  at  large  epicentral  distances. 

The  spectral  ratio  of  PKIKP /PKP  is 
determined  for  earthquakes  at  large  epi- 
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Fig.  70.  The  ray  paths  of  PKP  and  PKIKP  which  were  studied  to  evaluate  Q  at  the  base  of  the 
mantle,  QL>.  The  Q  regions  1  through  4  are:  the  mantle,  the  base  of  the  mantle,  the  outer  core, 
and  the  inner  core.  The  numbers  alongside  the  ray  paths  refer  to  segments  whose  effect  on  the 
spectrum  of  the  arrival  had  to  be  allowed  for. 


central  distances.  Since  the  ray  paths  in 
the  vicinity  of  the  earthquake  and  the 
seismograph  are  nearly  identical,  the 
effect  on  the  spectral  ratio  of  source  spec- 
tral radiation  and  near  receiver  structure 
cancel,  and  the  slope  of  the  spectral  ratio 
is: 

exp  Trdf(t2  —  h)  /Q3  X  exp  irdf  ts/Q4 
X  exp  irdf  (t5  —U) /Q2 
X  exp -Trdf  (t7  -  te)/Qi     (1) 

The  various  travel  times  t\  through  t7 
were  calculated  assuming  a  Herrin  mantle 
and  crust  and  a  Bolt  (1968)143  core.  The 
Q  values  at  the  base  of  the  mantle,  Q2, 
were  computed  for  two  different  thick- 
nesses of  a  transition  layer,  144  and  494 
km.  These  values  correspond  roughly  to 
the  zone  suggested  by  Bolt  (1972)  and 
Hales,  respectively.  A  sample  calcula- 
tion follows  for  an  epicentral  distance  of 
170°. 

Spectral  ratio  slope 

=  exp  tt£?/(495  —  482)/ 1000 
=  212/1000  -38/Q2  — 
93/2000  =  exp  ndf  (0.0013 
=  0.212  — 0.0465— 38/Q2) 

Note  that  because  of  its  long  travel  time 
in  a  moderate  Q  material,  the  effect  of 
the  inner  core  path  on  the  spectral  ratio 
is  substantial. 


The  spectral  ratios  at  two  seismographs 
are  shown  in  Fig.  71.  The  oscillations  of 
the  spectral  ratio  are  far  greater  than 
normally  encountered  when  comparing 
core  phases  with  a  more  nearly  normal 
approach  to  the  core-mantle  interface. 
See,  for  example,  Sacks  (1971).  This  is 
consistent  with  a  channel  at  the  base  of 
the  mantle  of  the  Bolt  type,  but  more 
data  must  be  studied  to  confirm  this 
effect.  The  characteristics  of  the  PKP 
arrival  at  near  antipodal  distances  are  a 
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Fig.  71.  The  spectral  ratio  of  PKIKP/PKP 
at  Toconce  (TCC)  in  northern  Chile,  and  Cuzco 
(CUS)  in  central  Peru. 
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sharp,  impulsive  onset,  which  is  common 
to  most  of  the  core  phases,  followed  by  a 
relatively  long  coda,  which  is  not.  Again, 
this  feature  supports  the  existence  of  a 
channel  of  some  type. 

The  oscillations  in  the  spectral  ratio 
make  determination  of  its  slope  rather 
uncertain.  The  slope  is  probably  between 
1  and  2  over  a  frequency  range  of  2  cps. 
The  Q  results  are  as  follows : 


Spectral 

Ratio  Slope 

over  2  cps. 

2 

1 


Transition 

Zone  Thickness 

494  km     144  km 


1300 
450 


670 
220 


All  the  Q  values  are  less  than  2000,  but 
for  a  spectral  ratio  slope  of  2  and  a  thick 
transition  zone,  and  the  difference  is  mar- 
ginal. However,  the  indication  from  the 
above  data  is  that  there  is  a  region  of 
significantly  lower  Q  at  the  base  of  the 
mantle. 

Viscosity  and  Q 
/.  S.  Sacks 

A  knowledge  of  the  viscosity  structure 
of  the  earth  is  fundamental  to  the  under- 
standing of  the  tectonic  processes.  Vis- 
cosity is  the  controlling  parameter  in  the 
motion,  sinking  and  heating  of  litho- 
spheric  plates,  polar  wander,  and  possible 
lower  mantle  convection.  Unfortunately, 
viscosity  can  be  determined  in  relatively 
few  regions,  of  the  earth,  generally  from 
shoreline  data  such  as  the  Fennoscandian 
or  Lake  Bonneville  uplifts.  More  re- 
cently, Goldreich  and  Toomre  (1969) 144 
have  used  polar  wander  data  to  calculate 
limits  for  the  whole  mantle  viscosity. 

The  parameter  describing  the  anelas- 
ticity  of  the  earth  as  determined  from 
seismic  wave  propagation,  Q,  can  be 
evaluated  for  many  regions  ranging  from 
the  lithosphere  to  the  inner  core.  Q, 
which  describes  the  damping  of  elastic 
waves,  and  viscosity,  which  is  appropriate 
to  long-term  anelastic  processes,  can  rea- 
sonably be  expected  to  have   a   simple 


relationship  to  each  other.  However,  to 
date,  no  simple  physical  model  has  been 
suggested  which  relates  the  short-term 
and  long-term  mechanisms.  In  general, 
most  models  that  adequately  describe  the 
long-term  behavior  also  predict  a  fre- 
quency dependence  for  Q  which  is  not  ob- 
served in  the  laboratory  or,  convincingly, 
in  the  earth. 

Anderson  (1966) 145  pointed  out  that 
the  curves  of  Q  versus  depth  and  viscos- 
ity versus  depth  (as  known  at  that  time, 
entirely  from  Fennoscandian  uplift  anal- 
ysis by  McConnell,  1965) 146  had  similar 
shapes  and  covered  similar  ranges.  He 
suggested  a  constant  ratio  of  viscosity  to 
Q  =  0.4  X  1020  poises.  Such  an  empirical 
relationship,  while  it  obviously  has  lim- 
itations, is  nonetheless  very  useful  at  our 
present  state  of  understanding  of  the  an- 
elastic processes.  However,  more  recent 
work,  particularly  in  the  field  of  viscos- 
ity, suggests  that  the  range  of  viscosity 
in  the  mantle  is  much  greater  than  that 
given  by  McConnell 's  earlier  work  and 
used  by  Anderson.  We  would  like  to 
recommend  a  different  viscosity-Q  rela- 
tionship based  on  the  following  data. 

In  McConnell's  original  work,  he  as- 
sumed a  perfectly  elastic  lithosphere 
overlying  a  layered  viscous  medium.  The 
rigidity  figures  he  obtained  were  reason- 
able according  to  seismic  velocity  deter- 
minations. Walcott  (1970) 147  has  shown 
that  the  flexural  rigidity  of  the  litho- 
sphere is  much  greater  for  short-term 
(10~3-10~4  years)  than  for  long-term 
loads.  If  the  lithosphere  is  modeled  as  a 
viscoelastic  material,  a  viscosity  of  about 
1024  poises  is  obtained. 

The  Q  value  for  the  lithosphere  was 
found  by  Anderson  et  al.  (1965) 148  to  be 
about  450  for  shear  waves.  Our  own  de- 
terminations in  the  South  American  re- 
gion yield  600.  Considerable  variation  in 
lithospheric  Q  values  is  reported  in  the 
literature.  However,  the  above  values 
are  adequate  for  this  comparison. 

The  low-Q  region  below  the  litho- 
sphere, the  asthenosphere,  was  found  to 
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TABLE  20.   Summary  of  Data  Used 


Viscosity 


Q, 


n«VQ 


0-100 

1024 

500 

0.8     X  107 

100-300 

0.6  X  1021 

80 

0.25  X  107 

0.6  X  1022 

0.63  X  107 

Lower  2000  km 

1025 

2000 

0.5     X  107 

of  the  mantle 

1024 

2000 

0.2     X  107 

have  a  viscosity  of  about  6  X  1021  poises 
by  McConnell  (1965,  1968 149)  from 
studies  of  the  Fennoscandian  uplift.  Qs 
determinations  for  the  region  vary  be- 
tween 30  and  100,  Model  MM8,  Anderson 
et  al.  (1965),  Model  G,  Anderson  and 
Archambeau  (1964)  ;150  Sacks  (1971)151 
and  some  others. 

The  lower  mantle  was  believed  to  have 
a  viscosity  of  1020  poises  to  support  its 
nonequilibrium  shape,  MacDonald 
(1965).  McKenzie  (1966) 153  calculated 
a  viscosity  of  30  X  1026  poises.  A  classic 
study  by  Goldreich  and  Toomre  (1969) 
showed  that  "the  triaxial  shape  of  the 
earth  and  the  coincidence  of  its  present 
pole  with  the  principal  axis  having  the 
largest  of  the  non-hydrostatic  moments  of 
inertia  is  indeed  to  be  expected  of  any 
randomly  evolving,  nearly  spherical  ob- 
ject without  too  much  memory  for  its  past 
axis  of  rotation."  The  upper  bound  of  the 
viscosity  they  determined  was  a  factor  of 
40  lower  than  McKenzie's,  i.e.,  8  X  1025 
poises  and  could  even  be  an  order  of  mag- 
nitude lower.  McConnell  (1968)  derived 
similar  values  assuming  that  the  isostatic 
disequilibrium  was  due  to  deglaciation. 

O'Connell  (1971),154  however,  from  a 
study  of  the  aftereffects  of  Pleistocene 
glaciation  and  its  effect  on  the  rotation  of 
the  earth,  concludes  that  the  viscosity  of 
the  lower  mantle  must  be  less  than  1024 
poises  and  may  be  as  low  as  1022,  which 
he  prefers.  This  lower  value  poses  some 
problems.  As  he  points  out,  the  low- 
degree  components  of  the  geopotential 
must  then  be  supported  by  a  dynamic 
process   such   as   convection.     The   heat 


transport  from  the  outer  core  by  this 
vigorous  convection  will  be  considerable, 
and  calculations  need  be  made  to  see 
whether  it  is  possible  to  keep  the  outer 
core  liquid  under  these  conditions.  A 
further  result  would  be  that  there  is  no 
simple  relation  between  Q  and  viscosity 
which  would  satisfy  the  values  between 
the  lithosphere  and  the  lower  mantle.  A 
full  discussion  on  this  paper  is  beyond  the 
scope  of  this  brief  note.  While  it  is  an 
important  work,  I  have  doubts  about 
some  aspects  and  will  therefore  not  in- 
clude O'Connell's  numbers  at  this  time. 

The  Qs  value  for  the  same  region  was 
given  by  Anderson  and  Archambeau 
(1964)  as  about  2000.  This  is  in  agree- 
ment with  our  own  results:  certainly  the 
value  must  lie  between  1000  and  2000. 

The  range  of  Q  values  in  the  mantle 
and  crust  is  about  50  to  2000,  a  factor  of 
40.  The  range  of  viscosity  originally 
specified  by  McConnell  (1965)  was  2  X 
1021  to  7  X  1022,  a  factor  of  35.  Using 
these  data,  Anderson  (1965)  suggested 
that  the  ratio  of  viscosity  to  Q  was  0.4  X 
1020.  The  more  recent  work  quoted 
above,  however,  suggests  that  the  range  of 
viscosity  is  far  greater  than  McConnell 
originally  determined  and  more  probably 
ranges  over  2  X  1021  to  at  least  1024  and 
possibly  more  than  1025.  Table  20  shows 
a  summary  of  the  data  as  well  as  the  cal- 
culated "constant"  of  our  preferred  em- 
pirical relationship  between  Q  and  viscos- 


ity: 


VQs 


0.5  X  107.    The  relative 


stability  of  the  constant  in  our  proposed 
relationship  covering  the  lithosphere  to 
the  lower  mantle  persuades  us  that  there 
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is  some  validity  in  using  this  empirical 
approach  until  a  more  rigorous  relation- 
ship is  developed. 

Cosmic-Ray  Research 
S.  E.  Forbush  and  L.  Beach 

The  variation,  with  period  twice  that 
of  the  sunspot  cycle,  in  the  cosmic-ray 
diurnal  anisotropy.  As  described  in  pre- 
vious Annual  Reports,  the  annual  means 
of  the  total  cosmic-ray  diurnal  anisotropy 
vector  from  Carnegie  Institution  of 
Washington  ionization  chambers  are  well 
represented  as  the  sum  of  two  compo- 
nents, V  and  W,  where  V  and  W  are  in 
the  asymptotic  directions  90°  and  128° 
east  of  the  sun,  respectively.  The  com- 
ponent V  varies  with  the  period  of  the 
sunspot  cycle  and  is  well  correlated  with 
magnetic  activity.  When  data  were  avail- 
able only  through  1965,  annual  means  of 
W  were  found  to  be  well  fitted  by  a  sine 
wave  with  a  period  of  two  solar  cycles, 
which  amounted  to  twenty  years  during 
the  interval  covered  by  the  data.  This 
wave  passed  through  zero  in  1958,  which 


is  near  the  time  that  Babcock  found,  from 
measurements  at  Mount  Wilson  Observa- 
tory, that  the  north  polar  field  of  the  sun 
changed  from  positive  to  negative. 

Figure  72  shows  that  the  observed 
points  (squares)  after  about  1966  defi- 
nitely depart  from  the  indicated  sine 
wave,  Ws,  that  fitted  quite  well  the  ob- 
served points  (circles)  until  about  1965. 
Figure  72  shows  a  "guesstimated"  curve, 
Wg,  fitted  to  observed  values  after  1965. 
The  point  for  1971  is  definitely  negative, 
and  Wg  shows  that  the  component  W 
changed  sign  shortly  after  the  beginning 
of  1971. 

From  continuing  measurements  at 
Mount  Wilson  Observatory,  Howard 
found  that  the  north  polar  field  of  the 
sun,  having  been  negative  since  1958, 
became  significantly  positive  about  the 
middle  of  1971. 

Thus  the  last  two  reversals  of  the  sun's 
polar  field  coincide  quite  well  with  the 
reversals  in  sign  of  the  component  W  of 
the  cosmic-ray  diurnal  anisotropy.  In 
addition,  annual  means  of  sunspot  num- 
bers from  1965  to  1971  indicate  that  the 
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.  72.   Annual  means,  1937-1971,  of  the  component  W  of  the  diurnal  anisotropy  in  the  asymp- 
direction  128°  east  of  the  sun. 
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maximum  of  the  most  recent  sunspot 
cycle  occurred  at  least  eleven  years  after 
the  previous  maximum.  Thus  if  the 
"period"  of  the  variation  of  the  compo- 
nent W  in  the  cosmic-ray  diurnal  aniso- 
tropy is  actually  twice  that  of  the  sunspot 
cycle  (10  years  for  the  interval  1937  to 
1965) ,  the  most  recent  reversal  in  the  sign 
of  W  should,  as  shown  by  Wg  in  Fig.  72, 
occur  at  least  22  years  after  the  previous 
reversal.  Thus,  while  the  mechanism  re- 
sponsible is  not  yet  understood,  this  long- 
period  variation,  W,  in  the  cosmic-ray 
diurnal  anisotropy  is  probably  the  first 
terrestrial  effect  definitely  shown  to  be 
associated  with  the  long-period  variation 
in  the  sun's  polar  magnetic  field. 

The  components  V  and  W  combine  to 
give  an  excellent  fit  to  the  observed  an- 
nual mean  diurnal  anisotropy.  It  is  evi- 
dent that  this  satisfying  aspect  could  only 
have  been  uncovered  from  a  long  series 
of  records. 

Observations  and  reduction  of  data. 
Cosmic-ray  ionization  chambers  were  op- 
erated   throughout    the    report    year    at 


Huancayo,  Peru;  at  Fredericksburg,  Vir- 
ginia; and  at  Christchurch,  New  Zealand. 
Scalings  and  reduction  of  records  have 
been  maintained  on  a  current  basis  for 
these  three  stations.  The  reductions  have 
been  greatly  facilitated  by  the  use  of  the 
IBM  1130  computer. 

Cooperation  in  operation  of  cosmic-ray 
meters.  Grateful  appreciation  is  expressed 
to  the  National  Oceanic  and  Atmospheric 
Administration  and  the  staff  of  its  mag- 
netic observatory  at  Fredericksburg  for 
efficient  operation  of  the  cosmic-ray 
meter  there  during  the  past  report  year, 
and  to  the  Government  of  Peru  and  the 
Director  and  staff  of  the  Instituto 
Geofisico  del  Peru  for  making  cosmic-ray 
records  from  Huancayo  available.  Grate- 
ful appreciation  is  also  expressed  to  the 
Director  and  staff  of  the  Geophysical  Ob- 
servatory at  Christchurch,  New  Zealand, 
for  excellent  maintenance  of  the  equip- 
ment there  and  for  the  fine  records  ob- 
tained. The  gratuitous  cooperation  of 
each  of  these  three  organizations  is  ex- 
ceptionally meritorious. 
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DIRECTOR'S    COMMENTARY    AND    REVIEW 


Present  Potential  and  Scientific  Focus 

The  Geophysical  Laboratory  continues 
to  play  a  leading  role  in  the  advancement 
of  its  sector  of  the  earth  sciences  as  well 
as  in  the  advanced  training  of  earth  sci- 
entists. Its  efforts  are  focused  at  present 
on  four  major  areas  of  earth  science  in 
each  of  which  field,  experimental  and 
theoretical  studies  are  integrated:  igneous 
and  metamorphic  petrology,  mineral 
physics,  isotope  geochemistry,  and  bio- 
geochemistry.  Efforts  are  devoted  to  a 
wide  range  of  the  most  fundamental  prob- 
lems. Some  investigators  are  concerned 
with  the  initial  stages  of  earth  formation 
from  the  primordial  plasma,  the  nature 
of  the  earth's  mantle,  the  origin  of  mag- 
mas on  earth  and  moon,  the  partitioning 
of  elements  between  minerals  with  chang- 
ing conditions  in  the  earth,  and  the  evolu- 
tion of  the  material  in  the  ocean  bottoms. 
Other  investigators  find  studies  on  the 
scale  of  angstroms  to  millimeters  equally 
broad  and  rewarding  as  they  examine  the 
structure  of  earth  materials  in  the  spec- 
tral regions  from  X  rays  to  microwaves. 
Here  the  drive  is  to  understand  the  rela- 
tions of  atomic  bonding  to  physical  prop- 
erties of  minerals,  using  whatever  tech- 
nique— emission,  absorption,  or  reflection 
— is  appropriate  for  discovery.  Integra- 
tion and  focus  of  the  many  talents  of  this 
group  have  brought  about  a  new  breadth 
of  understanding  of  minerals.  A  third 
group  of  investigators  is  taking  advan- 
tage of  the  multitude  of  opportunities 
afforded  by  stable  and  radioactive  iso- 
topes. They  seek  to  date  the  geological 
events  that  a  rock  has  endured,  measure 
the  extent  and  rate  of  metasomatic  ex- 
change between  minerals,  characterize 
and  distinguish  sources  of  materials,  and 
estimate  the  conditions  of  rock  and  min- 
eral formation.  The  fourth  group  has 
delved  into  one  of  the  more  complex  and 
refractory  problems,  the  characterization 
of  the  organic   materials   laid  down  in 


ocean  sediments.  They  want  to  learn  the 
source  of  the  organic  material,  the 
changes  these  organic  compounds  undergo 
with  burial,  and  the  extent  of  contamina- 
tion from  migration  of  ancient  or  recent 
soluble  organic  matter. 

New  Avenues  for  Discovery 

A  laboratory  at  the  forefront  of  its  sci- 
ences must  evolve.  Changes  will  no  doubt 
come  about  as  the  ion  microprobe,  scan- 
ning electron  microscope,  deuterium- 
hydrogen  mass  spectrometer,  and  devices 
for  automated  modal  analysis  are  evalu- 
ated and  adapted  to  major  geological 
problems.  In  the  meantime,  all  four 
groups  of  investigators  have  had  an  un- 
usually creative  year  in  producing  their 
own  new  techniques  and  equipment.  The 
inventions  range  from  the  automation  of 
the  electron  microprobe,  construction  of 
crystal-field  apparatus,  and  improve- 
ments in  the  Mossbauer  equipment,  to 
simple  devices  such  as  a  subboiling  still 
for  ultrapure  water  and  a  straightforward 
process  for  making  silicate  gels  contain- 
ing chromium.  Creative  ingenuity  finds 
expression  in  the  high  efficiency  of  a  com- 
puter program,  the  simplicity  of  a  tem- 
perature regulator,  or  the  elegance  of  a 
method  for  isotopic  measurement. 

Growth  of  the  Staff  Member 

The  more  important  changes  in  a  lab- 
oratory come  with  the  growth  of  the  in- 
dividual investigators.  The  full  scientific 
potential  of  the  staff  is  realized  as  they 
become  involved  with  young,  energetic 
students,  as  well  as  mature,  productive 
scholars ;  as  they  participate  in  symposia 
and  lectures  as  well  as  quiet  retreats  and 
sabbatical  tours ;  and  as  they  make  excur- 
sions into  related  fields  and  serve  in  na- 
tional team  projects.  Opportunity  for 
growth  within  the  supporting  staff  also 
complements  the  growth  of  the  scientific 
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staff.  The  cooperative  efforts  of  creative 
individuals  contribute  to  the  growth  of  a 
laboratory  in  such  a  way  that  the  total 
productivity  is  greater  than  the  simple 
sum  of  that  of  its  members. 


scientific  thought  and  excellence  in  sci- 
entific performance. 


The  Accomplishments  in  Brief 


Higher  Education  for  Leadership 

The  predoctoral  and  postdoctoral  pro- 
gram is  clearly  one  of  the  Laboratory's 
most  successful  and  rewarding  endeavors. 
The  graduate  student  is  given  a  most  un- 
usual opportunity  to  pursue  his  research 
with  the  combined  staff  and  facilities  of 
his  home  university  and  those  of  the  Lab- 
oratory. He  is  exposed  to  a  professional 
environment  and,  like  the  Staff  Members 
themselves,  enjoys  an  acceptance  com- 
mensurate with  his  capabilities  and  will- 
ingness to  learn.  The  Postdoctoral  Fel- 
low is  granted  a  period  of  time  to  expand 
to  his  full  capabilities  without  restraint. 
He  is  nurtured  until  ready  to  assume 
leadership  in  the  scientific  community. 
The  success  of  the  program  is  evident 
in  the  many  leaders  among  the  alumni. 
The  Fellows  are  indeed  the  lifeblood  of 
the  Laboratory — and,  to  a  considerable 
degree,  of  the  scientific  community  they 
eventually  serve. 

Principles  and  Goals 

Change  in  leadership  of  a  laboratory 
involves  changes  in  direction  of  the  scien- 
tific program  and  style  of  operation.  Ele- 
vation of  a  Staff  Member  to  leadership, 
however,  guarantees  continuation  of  suc- 
cessful philosophies  and  rekindles  the 
spirit  of  dedication.  In  addition  to  intel- 
lectual growth  in  a  stimulating  environ- 
ment of  superior  and  cooperative  scholars, 
the  guiding  principles  and  goals  will  con- 
tinue to  be  freedom  of  the  investigator  to 
choose  his  own  research ;  flexibility  in  the 
mode  of  research ;  minimization  of  extra- 
curricular duties ;  time  for  the  more  com- 
plex and  difficult  studies  of  lasting  value; 
and  steady,  adequate  financial  support  of 
the  productive  investigator.  There  is  no 
acceptable   substitute   for   leadership   in 


Experimental  Igneous  Petrology 

The  concept  of  an  assemblage,  highly 
variable  in  proportions  yet  having  a 
single  beginning  of  melting  composition, 
as  the  primary  source  for  all  basaltic 
magmas,  yielding  alkalic  basalt  magmas 
at  relatively  high  pressures  and  tholeiitic 
basalt  magmas  at  relatively  low  pres- 
sures, was  advanced  by  Yoder  and  Tilley 
(1962)  on  the  basis  of  experiments  on 
simple  systems.  Kushiro  has  now  made 
the  first  direct  experimental  observations 
that  alkali  basaltic  liquids  are  indeed  the 
partial  melting  product  of  a  natural 
spinel  lherzolite  at  high  pressures  (>20 
kb) ,  evolving  to  olivine  tholeiitic  liquids 
at  lower  pressures  in  the  absence  of  water. 
He  found  additional  support  for  this  thesis 
by  studying  the  Na20-CaO-MgO-Al203- 
Si02  system  at  high  pressures  using  a 
method  involving  electron  microprobe 
analysis  for  determining  liquidus  bound- 
aries in  complex  systems. 

Spinel  lherzolite  is  only  one  of  several 
assemblages  believed  to  exist  within  the 
mantle.  Some  of  the  best  samples  of  rocks 
existing  at  high  pressures  in  the  mantle 
are  xenoliths  erupted  in  kimberlite.  The 
investigations  of  Boyd  and  Nixon  and  of 
Boyd  and  Dawson  show  that  there  are 
two  markedly  different  types  of  pyropic 
garnets  in  kimberlites.  The  chrome-rich 
garnet  lherzolite  nodules  appear  to  be 
xenoliths  of  mantle  rock,  depleted  in  more 
fusible  components  by  partial  melting 
and  cooled  to  temperatures  in  the  range 
900°-1100°C  prior  to  incorporation  in 
erupting  kimberlite.  On  the  other  hand, 
Ti-rich  garnets  associated  with  more  sub- 
calcic  pyroxene  or  with  ilmenite,  or  both, 
show  a  wide  range  of  Mg/Fe  and  are 
probably  a  product  of  igneous  fractiona- 
tion. The  clinopyroxenes  from  nodules  in 
kimberlite  form  in  three  different  com- 
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position  fields.  They  are  now  interpreted 
as  having  equilibrated  in  different  tem- 
perature ranges  at  depth  in  the  mantle 
prior  to  eruption. 

It  is  evident  that  knowledge  of  the 
Cr,  Ti,  and  Al  contents  of  the  phases 
in  the  mantle  rocks  can  be  very  help- 
ful in  determining  the  conditions  of 
their  formation.  Experiments  were  under- 
taken by  Akella  and  Boyd  and  by  Dickey 
and  Yoder  to  obtain  quantitative  infor- 
mation on  the  partition  of  these  elements 
under  known  conditions  of  pressure  and 
temperature.  Akella  and  Boyd  crystal- 
lized pyroxenes  together  with  ilmenite, 
rutile,  and  garnet  over  a  range  of  15  to 
40  kb  pressure  and  at  temperatures  of 
1050°  and  1100°C.  Only  small  amounts 
(1.5  wt  %)  of  Ti02  were  found  in  the 
synthetic  pyroxenes  and  garnets,  and 
titanium  appears  to  be  concentrated  in 
the  liquid  during  partial  fusion  to  a 
greater  degree  than  ferrous  iron.  They 
point  out  that  it  would  be  difficult  to 
develop  the  high  percentage  of  Ti  found 
in  mare  basalts  through  partial  fusion  of 
a  silicate  assemblage,  unless  ilmenite 
were  also  present.  Dickey  and  Yoder 
were  concerned  with  the  exact  partition- 
ing of  Cr  and  Al  between  clinopyroxene 
and  chromite  at  various  pressures  and 
temperatures.  They  emphasize  the  slight 
change  in  partition  in  the  absence  of 
liquid  and  the  drastic  changes  in  distribu- 
tion of  Al  and  Cr  when  melting  begins. 
The  contrast  between  the  high  variance 
of  Al  and  Cr  in  the  chromites  from  podi- 
form  peridotites  and  the  high  variance 
of  Mg  and  Fe  in  the  stratiform  chromites 
is  correlated  with  their  results.  The  al- 
pine peridotites  and  associated  podiform 
chromites  apparently  differentiated  along 
a  calc-alkaline  trend  because  of  their 
lack  of  Mg/Fe  variation.  Alternatively, 
the  podiform  chromites  could  be  formed 
through  the  incongruent  melting  of  a 
chromian  diopside,  the  Mg/Fe  being 
buffered  by  the  large  mass  of  residual 
silicates. 

Phlogopite  is  another  important  min- 
eral found  in  rock  samples  believed  to 


come  from  the  mantle.  Modreski  studied 
its  stability  in  the  presence  of  enstatite 
and  other  phases  common  in  the  mantle. 
He,  too,  came  to  the  conclusion  that  in 
the  absence  of  free  water  the  initial 
magma  should  be  quartz  normative  to 
depths  of  about  60  km  and  silica  under- 
saturated  and  alkalic  at  greater  depths. 

The  magmas  spilling  onto  the  deep 
ocean  floor  are  of  special  interest  because 
they  are  not  likely  to  be  contaminated 
by  crustal  rocks  and  therefore  can  yield 
information  on  the  nature  of  the  mantle. 
Bryan  finds  a  great  chemical  and  minera- 
logical  similarity  of  submarine  basalts 
from  a  variety  of  sea-floor  environments. 
The  oldest  basalt  recovered  in  the 
JOIDES  drilling  program  is  almost  iden- 
tical with  modern  ocean  ridge  basalt. 
Curiously  enough,  the  textures  and  min- 
eral zoning  in  the  submarine  basalts  re- 
semble those  reported  in  lunar  basalts. 
He  also  discovered  sector-zoning  in 
plagioclase — a  feature  yet  to  be  found 
among  lunar  or  terrestrial  lavas.  High- 
pressure  experiments  were  performed  on 
natural  oceanic  tholeiites  from  the  Mid- 
Atlantic  Ridge  by  Kushiro  and  Thomp- 
son to  ascertain  their  melting  relations  at 
depth.  They  concluded  that  olivine  tholei- 
ite  appears  to  have  formed  under  anhy- 
drous conditions,  whereas  plagioclase-rich 
tholeiite  is  probably  formed  under  hy- 
drous conditions  at  depths  shallower  than 
25  km  beneath  the  ridge. 

Terrestrial  lavas  were  also  subjected  to 
high-pressure  experimentation  by  Thomp- 
son to  test  his  recently  presented  hypoth- 
esis that  hawaiites  andtholeiitic  andesites 
originate  as  filter-pressed  interstitial 
liquids  from  bodies  of  basaltic  magma 
crystallizing  at  upper  mantle  depths.  The 
melting  behavior  of  a  Snake  River,  Idaho, 
basalt  and  an  andesine-normative  lava  at 
pressures  up  to  35  kb  was  studied.  These 
lavas  cannot  be  related  by  fractional 
crystallization  of  the  phases  that  form 
phenocrysts  in  the  basalt.  Thompson 
finds  a  genetic  relationship  between  these 
two  lavas  at  approximately  8  kb,  where 
the    liquidus    phases    of    the    andesine- 
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normative  lava  correspond  with  those 
precipitating  from  the  basalt  at  the  same 
temperature.  Using  the  simplified  system 
approach,  Kushiro  and  Yoder  showed 
that  andesitic  liquids  of  the  calc-alkaline 
type  could  have  formed  from  a  simple 
lherzolite  under  hydrous  conditions  and 
that  peraluminous  andesitic  and  dacitic 
liquids  could  be  generated  by  fractional 
crystallization  of  hydrous  andesitic  liquids 
at  10  kb.  The  rare  melilite-bearing  lavas 
found  in  the  continents  and  on  oceanic 
islands  bear  a  close  relationship  to  plagio- 
clase-bearing  lavas,  but  the  two  diagnostic 
minerals  are  not  known  to  occur  in  the 
same  lava.  Yoder  and  Kushiro  analyzed 
the  residual  liquids  in  the  nepheline- 
diopside  system  and  found  that  extrac- 
tion of  early  formed  melilite  and  olivine 
tends  to  concentrate  plagioclase  compo- 
nents in  the  liquid. 

The  appearance  of  lava  at  the  surface, 
whether  on  land  or  the  ocean  bottom,  de- 
pends on  an  access  route.  Commonly  the 
mantle  and  crust  are  ruptured  and  the 
magma  rises  along  the  crack.  Bell  and 
Mao  propose  that  the  process  of  melting 
itself  may  sometimes  be  a  consequence  of 
the  shear  that  eventually  provides  the 
access  route.  Their  hypothesis  includes  a 
mechanism  for  generating  two  or  more 
magmas,  unrelated  by  the  usual  fraction- 
ation trends,  where  diffusion  in  a  stress 
gradient  predominates.  They  cite  the 
occurrence  of  composite  dikes  and  flows 
as  products  of  this  process. 

Experimental  Metamorphic  Petrology 

The  composition  of  coexisting  phases  is 
one  of  the  chief  parameters  in  determin- 
ing the  conditions  of  formation  of  a  meta- 
morphic rock.  Hensen  has  studied  the 
compositions  of  coexisting  cordierite  and 
garnet  as  a  function  of  Fe/Mg  and  tem- 
perature at  10  kb  as  an  initial  step  toward 
calibrating  the  distribution  coefficient. 
Certain  inconsistencies  in  the  available 
data  on  the  garnet  pyrope  led  Hensen  to 
undertake  a  phase  equilibria  study  of  the 
MgO-AUOs-SiOo  system.  The  phase  rela- 


tionships of  pyrope,  aluminous  enstatite, 
and  sapphirine  solid  solutions  were 
worked  out.  He  also  studied  the  Al  con- 
tent of  enstatite  because  of  its  potential 
usefulness  as  a  geothermometer  and 
geobarometer. 

Mineral  assemblage  is  perhaps  the 
most  informative  observation  a  penol- 
ogist can  make  on  an  outcrop.  The  col- 
lection of  assemblages  in  an  area  also 
helps  define  the  conditions  of  formation. 
Using  mineral  assemblages  observed  in 
contact  metamorphosed  manganese  de- 
posits and  in  Ca-Mn-Si  skarn  deposits, 
Burt  has  deduced  a  decarbonation  se- 
quence in  the  system  CaO-MnO-Si02- 
C02.  The  sequence  is  analogous  to  the 
one  proposed  last  year  (Year  Book  70) 
for  the  system  Ca-Fe-Si-C-0  but  differs 
in  that  most  of  the  reactions  involve 
phases  that  are  solid  solutions. 

Using  a  similar  approach,  Burt  has 
modeled  the  facies  of  metamorphosed  iron 
formations  in  the  system  Fe-Si-C-O-H. 
The  CO2  content  of  the  metamorphic 
fluid  and  the  presence  or  absence  of 
graphite  were  shown  to  be  important,  al- 
though heretofore  largely  ignored,  vari- 
ables affecting  the  appearance  or  dis- 
appearance of  the  hydrous  phases  greena- 
lite,  minnesotaite,  and  grunerite. 

In  a  study  of  sulfide-silicate  equilibria 
in  Ca-Fe-Si  skarn  deposits,  he  showed 
that  the  reducing  conditions  associated 
with  massive  hedenbergitic  clinopyroxene 
in  skarn  zinc  deposits  could  lead  to  the 
precipitation  of  sphalerite  ore.  Burt 
found  that  in  skarns  containing  abundant 
wollastonite,  the  wollastonite  tends  to 
react  with  ferric  iron  in  solution  to  form 
andraditic  garnet.  If  andradite  is  stable, 
the  copper  and  zinc  ore  minerals  coexist- 
ing with  wollastonite  tend  to  be  low  in 
iron. 

Burt  also  investigated  the  influence  of 
fluorine  on  skarn  mineral  stabilities.  He 
found  that  fluorine,  which  occurs  in  the 
minerals  fluorite  and  cuspidine,  partici- 
pates in  equilibria  that  are  analogous  to 
those  involving  carbon  dioxide  in  the 
minerals  calcite  and  spurrite   (or  tilley- 
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ite).  Burt  noted  that  although  wolfram- 
ite occurs  with  fluorite  in  the  veins  and 
greisens  of  tungsten  deposits,  it  is  incom- 
patible with  calcite,  and  therefore  does 
not  occur  in  skarns:  scheelite  occurs  in- 
stead. 

Important  to  the  initiation  and  pro- 
gression of  metamorphic  reactions  is  the 
solubility  of  minerals  under  pressure. 
Mao  and  Bell  have  formulated  a  new 
theory  that  explains  their  observed  non- 
linear increase  in  aqueous  solubility  with 
pressure  of  numerous  minerals.  The  S- 
shaped  curve  of  solubility  as  a  function  of 
pressure  for  gypsum  is  also  predictable 
by  the  new  theory.  Quantitative  support 
is  found  for  the  field  deduction  that  min- 
erals tend  to  be  dissolved  in  zones  of  high 
pressure  and  reprecipitated  in  zones  of 
low  pressure. 

Lunar  Petrology  and  Mineralogy 

Among  the  many  reasons  for  taking 
part  in  the  exciting  inspection  of  lunar 
materials  is  the  unusual  frame  of  refer- 
ence that  the  products  of  the  lunar  en- 
vironment provide  as  compared  to  terres- 
trial rocks.  The  lunar  rocks  are  devoid 
of  water  and  must  have  formed  under 
exceptionally  low  oxygen  pressure.  The 
absence  of  weathering  products  makes 
their  study  a  delight  for  the  igneous 
petrologist  and  mineralogist.  The  im- 
mense amount  and  wide  range  of  data 
being  collected  on  individual  specimens 
make  interpretation  all  the  more  feasible. 
The  samples  also  provide  a  physical  and 
chemical  view  of  the  solar  system  not 
obtainable  from  terrestrial  specimens. 

One  of  the  samples  collected  near  the 
rim  of  Hadley  rill  contains  coarse  pyrox- 
ene crystals  with  unusual  patterns  of 
compositional  zoning.  Boyd  finds  these 
patterns  consistent  with  those  observed  in 
other  lunar  pyroxenes.  He  attributes  the 
zoning  to  rapid  cooling  of  an  exception- 
ally fluid  lava  on  the  moon's  surface: 
those  compositions  are  not  the  product  of 
equilibrium  crystallization.  Few  equiva- 
lent detailed  studies  have  been  carried  out 


on  a  terrestrial  pyroxene,  so  Thompson 
undertook  an  investigation  of  the  chem- 
ical variation  in  a  Vesuvian  augite  ex- 
hibiting pronounced  oscillatory  and  sec- 
tor zoning.  The  zoned  phenocrysts  were 
clearly  fully  grown  before  the  magma 
containing  them  erupted,  according  to 
Thompson.  Although  interpretations 
differ,  the  data  are  now  available  for 
understanding  the  mineralogical  features 
of  a  lunar  pyroxene  and  its  terrestrial 
analogue. 

Zoning  was  also  observed  in  lunar 
olivines  by  Bell  and  Mao.  Large,  irregu- 
lar grains  zoned  in  a  reversed  manner 
(Mg  enrichment  toward  the  exterior) 
form  one  group,  and  smaller,  euhedral 
grains  of  uniform  composition  form  a 
second  group.  These  observations  suggest 
two  stages  of  crystallization. 

Solid  solution  studies  by  Haggerty  of 
the  lunar  spinels,  which  exhibit  a  new 
varietal  series  not  yet  found  in  terrestrial 
rocks,  reveal  another  measure  of  the  con- 
ditions of  formation  of  lunar  rocks.  The 
spinel  compositional  discontinuity  ob- 
served in  Apollo  12  rocks  is  present  in 
many  lunar  basalts;  a  small  number  of 
basalts  contain  spinels  of  the  entire  series, 
but  the  majority  of  lunar  basalts  exhibit 
a  distinct  bimodal  spinel  distribution 
with  few  intermediate  compositions. 
Haggerty  concludes  that  the  intermediate 
members  are  either  structurally  unstable 
or  metastable  precipitates  below  a  low- 
temperature  solvus. 

Other  guides  are  available  for  evaluat- 
ing the  chemical  environment  under 
which  lunar  rocks  crystallized.  Bell  and 
Mao  measured  polarized  spectra  for 
lunar  pyroxenes,  olivine,  and  plagioclase, 
and  nonpolarized  spectra  for  lunar  glass. 
The  oxidation  states  of  iron  and  tita- 
nium in  lunar  crystals  were  deter- 
mined by  the  intensity  of  correspond- 
ing absorption  bands.  The  quenched 
states  of  iron  and  titanium  act  as  fossil 
indicators  of  the  chemical  history  of  the 
crystallization  of  the  minerals  in  which 
they  occur.  Spectral  and  other  supporting 
data  show  that  the  rocks  and  soils  re- 
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turned  from  the  Apollo  missions  have 
crystallized  under  extremely  reducing 
conditions,  on  the  order  of  approximately 
10"13  atm  of  oxygen.  Lunar  glasses  are 
also  chemically  reduced,  and  the  absorp- 
tions due  to  iron  and  titanium  cause  their 
red  and  green  colors  and  influence  their 
albedo  properties.  Bell  and  Mao  also 
measured  the  pressure  shift  of  crystal- 
field  bands  of  divalent  iron  in  lunar 
pigeonite.  The  results  suggest  that  pres- 
sure will  enhance  the  properties  of 
thermal  transfer  by  radiation.  Thermal 
radiation  could  be  an  efficient  mechanism 
for  heat  flow  in  the  lunar  interior. 

Kushiro  made  high-pressure  melting 
experiments  on  an  Apollo  14  high-alumina 
basalt  and  concluded  that  this  highland 
basalt  was  formed  by  remelting  of  a 
plagioclase-rich  rock  already  present  in 
the  highland  crust. 

Statistical  Petrography 

Most  of  the  year's  work  in  statistical 
petrography  by  Chayes  and  Wolanin  was 
concerned  with  improving  the  data 
library  and  expanding  the  program  rep- 
ertoire of  the  rock  information  system. 
Programs  added  to  the  system  during 
this  period  permit  the  calculation  of  dis- 
criminant function  and  principal  compo- 
nent analysis  as  well  as  the  generation  of 
binary  and  ternary  frequency  distribu- 
tions for  sets  of  variables  copied  or  com- 
puted from  the  data  file  of  the  system. 
The  data  file  itself  has  been  reorganized 
to  include  a  geographic  "word"  for  each 
record,  specifying  location  to  the  nearest 
degree  of  latitude  and  longitude,  so  that 
searches  may  now  be  keyed  by  specifying 
latitude  and  longitude  limits  rather  than 
sets  of  record  numbers. 

From  comparison  of  the  contents  of 
files  they  had  developed  independently, 
Chayes  and  LeMaitre  estimate  that  the 
periodical,  occasional,  and  reference  liter- 
ature now  contains  at  least  60,000  and 
perhaps  more  than  80,000  analyses  of 
igneous  rocks.  This  surprising  result 
suggests  that  with  suitable  organization 


and  support,  preparation  of  a  reasonably 
complete  data  file  of  published  chemical 
analyses  of  igneous  rocks  would  be  a 
feasible  undertaking. 

Physical  and  Experimental  Mineralogy 

A  wide  array  of  techniques  is  required 
to  characterize  the  properties  of  crystals. 
Each  technique  has  its  advantages  and 
disadvantages,  and  the  investigator  must 
therefore  consider  the  broad  energy  spec- 
trum to  understand  mineral  structure. 

FJnger  and  Prince  have  refined  the 
crystal  structures  of  andalusite  and 
sillimanite  from  neutron  diffraction  in- 
tensities. Their  results  have  yielded 
values  for  the  oxygen  coordinates  that  are 
more  precise  than  those  previously  ob- 
tained from  X-ray  intensities. 

Raymond,  using  the  atomic  coordinates 
derived  from  the  neutron  diffraction  re- 
finements of  Finger  and  Prince,  calcu- 
lated the  electric-field  gradients  in  these 
crystals.  By  means  of  a  comparison  of 
calculated  and  experimental  electric-field 
gradients  in  six  silicates,  he  has  estimated 
the  polarizability  of  the  oxygen  ion,  the 
ionicity,  and  the  electronic  charge  distri- 
bution in  these  crystals. 

Raymond  and  Virgo  used  the  recently 
developed  technique  of  X-ray  photo- 
electron  spectroscopy,  also  known  as 
ESCA,  to  study  chemical  shifts  of  the 
core  electron  binding  energies  of  the 
aluminum,  silicon,  and  oxygen  atoms  in 
sillimanite.  This  technique  shows  promise 
of  providing  information  about  the  frac- 
tional charges  of  atoms  and  the  degree  of 
ionicity  of  silicates.  The  results  of  the 
sillimanite  investigation  are  consistent 
with  an  interpretation  of  substantial 
nonionic  bonding. 

Study  of  the  structure  of  some  minerals 
requires  that  their  composition  be  well 
established.  Charles  investigated  the  sta- 
bility fields  of  magnesiorichterite  and 
ferrorichterite  for  the  purpose  of  deter- 
mining the  structural  sites  occupied  by 
Mg  and  Fe.  He  synthesized  members  of 
the  Mg-Fe  series  and  measured  their  unit 
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cell  parameters  and  optical  properties. 
Mossbauer  spectra  were  collected  by 
Virgo  on  the  same  compositions,  and  it 
was  possible  to  deduce  the  occupancies  of 
Mg,  Fe2+,  and  Fe3+  in  the  various  sites  in 
the  amphibole  structure.  Some  difficulties 
were  encountered  in  obtaining  a  unique 
fit,  and  he  suggests  using  57Fe-enriched 
compositions  grown  under  the  same  con- 
ditions to  increase  the  sensitivity  of  de- 
tection. 

The  occupancy  of  ions  in  particular 
sites  is  pertinent  to  the  diffusion  of  those 
ions  in  crystals.  Misener  has  begun 
studies  to  determine  the  cation  diffusion 
coefficients  and  activation  parameters  for 
interdiffusion  of  iron  and  magnesium  in 
olivine  as  a  function  of  temperature,  pres- 
sure, and  oxygen  fugacity.  An  activation 
enthalpy  of  47  ±  4  kcal/mole  was  calcu- 
lated for  the  diffusion  of  magnesium  in 
fayalite  in  the  temperature  range  900° 
->  1100°C.  The  experimental  determina- 
tion of  activation  parameters  for  diffu- 
sion in  olivine  makes  it  possible  to  apply 
theoretical  creep  laws  to  the  upper  mantle 
with  greater  confidence. 

Mao  and  Bell  studied  the  pressure 
effect  on  the  polarized  spectra  of  a  na- 
tural fayalite  to  20  kb.  They  report  that 
as  the  intense  spin-allowed  crystal-field 
bands  shift  to  higher  energy  with  increas- 
ing pressure,  some  weak  bands  in  the 
visible  region  shift  to  lower  energy.  These 
observations  can  be  used  as  an  aid  to 
classify  these  weak  bands  as  charge- 
transfer  in  origin.  From  change  of  posi- 
tion and  intensity  of  a  band  with  pres- 
sure and  temperature,  a  definitive  assign- 
ment of  the  band  can  usually  be  given. 

Mao  and  Bell  find  that  above  100  kb 
the  apparent  absorption  edges  (approxi- 
mately 3  eV)  of  the  olivine  and  spinel 
forms  of  Fe2Si04  shift  rapidly  with  pres- 
sure from  the  near-ultraviolet  into  the 
lower  energy  infrared  region.  Simultane- 
ously, an  exponential  increase  in  elec- 
trical conductivity  occurs.  These  effects 
are  reversible  as  pressure  is  reduced  or 
reapplied  and  are  not  accompanied  by  a 


first-order  phase  change  in  olivine  or  in 
spinel.  These  observations  relate  to  fun- 
damental concepts  of  electrical  conduc- 
tivity and  photon  absorption  in  complex 
transition-metal  silicates.  The  observa- 
tions cannot  be  readily  interpreted  in 
terms  of  an  intrinsic  band-gap  model. 
The  results  suggest  that  a  new  mecha- 
nism of  conduction,  perhaps  employing 
an  efficient  charge-transfer  process,  is  in- 
duced at  high  pressure.  The  optical  and 
the  electrical  effects  may  also  be  geo- 
physically  important.  Because  olivine  and 
spinel  are  believed  to  be  abundant  in  the 
earth's  mantle,  the  observed  effects  of 
absorption  and  electrical  conductivity 
will  be  controlling  factors  of  the  thermal, 
electrical,  and  magnetic  properties  of  the 
earth. 

The  olivine-spinel  transition  is  thought 
to  be  of  major  importance  in  the  earth's 
mantle,  and  has  been  closely  studied. 
Whereas  the  traditional  arguments  basec 
on  ionic  radius  ratios  predict  transition 
pressures  successfully  for  nontransition 
elements,  they  fail  when  transition  ele- 
ments are  involved.  At  1000°C,  the  tran- 
sition pressure  of  fayalite  to  spinel  (both 
Fe2Si04)  so  calculated  is  100  kb  higher 
than  the  experimental  value  of  50  kb. 
Mao  and  Bell  measured  the  crystal-field 
energy  of  Fe2Si04  spinel  and  found  that 
the  effect  of  crystal-field  energy  ac- 
counted for  the  entire  discrepancy.  After 
a  correction  based  on  the  crystal-field 
effect,  the  calculated  transition  pressure 
agrees  with  the  experiment  within  2  kb. 
They  conclude  that  the  crystal-field  en- 
ergy plays  a  major  role  in  the  olivine- 
spinel  transition. 

The  oxidation  state  of  iron  in  pyrox- 
enes has  become  an  important  factor  in 
the  study  of  igneous  petrology.  Tradi- 
tional analytical  methods  for  measuring 
the  ferrous-to-ferric  ratio  in  rocks  are  not 
convenient  for  small  samples.  Modern 
techniques  based  on  the  Mossbauer  effect 
and  the  principles  of  crystal-field  theory 
are  highly  sensitive  on  the  scale  of  single 
crystals,    but   the    application    of    these 
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techniques  has  lacked  sufficient  calibra- 
tion of  documented  samples.  In  an  effort 
to  eliminate  this  deficiency,  Bell  and 
Mao,  employing  the  crystal-field  spectral 
technique,  and  Virgo,  employing  the 
Mossbauer  resonance  technique,  studied 
four  well-documented  pyroxenes  of  high 
ferric  iron  content.  Among  them  are  two 
natural  and  one  synthetic  ferriaugite  and 
one  natural  ortho-ferrienstatite.  With  the 
two  techniques  complementing  each  other, 
Bell,  Mao,  and  Virgo  confirmed  the  high 
ferric  content  of  these  pyroxenes,  as- 
signed a  crystal-field  band  for  ferric  iron, 
and  believe  it  is  possible  that  quantitative 
calibration  procedures  for  measuring 
ferric  and  ferrous  content  in  pyroxenes 
may  be  attainable. 

Isotope  Geochemistry 

A  major  addition  to  isotope  geochem- 
ical  capabilities  was  made  this  year  by 
Muehlenbachs  and  Hoering.  They  con- 
structed a  vacuum  line  in  which  oxygen 
for  isotopic  analysis  can  be  liberated  from 
silicates  with  the  use  of  bromine  penta- 
fluoride.  Their  preliminary  experiments 
led  to  the  surprising  result  that  the  meas- 
ured isotopic  compositions  of  andesites 
and  basalts  from  island  arcs  (SO18  = 
5-6%e)  were  identical  with  those  from 
mid-ocean  ridges.  They  showed  no  trace 
of  the  018-enriched  oxygen  from  sedi- 
ments (SO18  =  17-25%*)  that  are  alleged 
to  have  been  subducted  during  the  gener- 
ation of  those  igneous  rocks.  They  did 
find,  however,  that  the  low  O18  in  some  of 
the  igneous  rocks  and  the  disequilibrium 
among  their  constituent  minerals  indi- 
cated that  they  had  almost  totally  ex- 
changed with  a  fluid  after  solidification. 
The  old  concept  of  a  rigid  and  immobile 
oxygen  framework  in  silicates  appears 
now  to  be  giving  way  to  a  chemical  sys- 
tem in  which  oxygen  takes  part  in  the 
most  subtle  exchanges. 

The  first  results  in  a  new  project  to 
investigate  the  isotopic  composition  of 
Sr  in  pore  fluids  from  deep-sea  cores  are 
reported  by  Hofmann,  Hart,  and  Hare. 


Such  data  have  not  been  available,  even 
though  the  isotopic  composition  is  a  more 
sensitive  indicator  for  sediment-fluid  ex- 
change than  are  the  element  concentra- 
tions. The  first  results  indicate  that  no 
exchange  has  taken  place  between  the 
sediment  and  the  pore  fluid  for  samples 
up  to  Cretaceous  in  age. 

Nonequilibrium  isotopic  fractionation 
during  metasomatism  may  be  a  useful 
indicator  for  the  identification  of  meta- 
somatic  rocks.  Attempts  to  demonstrate 
natural  fractionation  in  alkalies  and  al- 
kaline earths  have  been  hindered,  how- 
ever, because  the  same  kind  of  fractiona- 
tion may  occur  during  mass  spectrometric 
measurement  of  the  isotopic  abundances. 
A  theoretical  scheme  is  proposed  by  Hof- 
mann that  corrects  for  mass  spectrometric 
fractionation  for  the  three-isotope  ele- 
ment potassium,  an  important  candidate 
for  metasomatic  migration.  With  this 
correction,  true  differences  in  isotopic 
compositions,  if  indeed  they  exist,  can  be 
demonstrated  unequivocally.  Previous 
correction  methods  were  applicable  only 
to  four-isotope  elements. 

A  very  sensitive  new  analytical  tech- 
nique, fission  track  mapping,  was  em- 
ployed by  Seitz  and  Shimizu  to  determine 
experimentally  the  partition  of  uranium 
between  orthopyroxene  and  a  liquid 
produced  from  a  natural  spinel  lherzolite 
and  between  clinopyroxene  and  a  liquid 
in  the  diopside-albite-anorthite  system. 
Fission  tracks  recorded  in  a  mica  de- 
tector serve  to  map  uranium  distribution 
in  the  samples  on  a  20-/xm  scale  and  a 
uranium  level  down  to  0.02  ppb.  The 
technique  may  be  extended  to  other  ele- 
ments of  geologic  interest — such  as  euro- 
pium, gadolinium,  lead,  and  thorium — 
by  employing  spontaneous  or  induced 
nuclear  particle  reactions.  An  unusual 
application  of  the  technique  was  made  in 
determining  the  uranium  concentrations 
in  bovid  teeth  from  the  Olduvai  Gorge. 
It  was  found  that  the  uranium  content 
rose  initially  and  then  decreased  with 
depth  in  the  soil.    Seitz  postulates  that 
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the  transient  uranium  concentrations  re- 
sult from  the  aging  of  the  organic  mate- 
rial within  the  tooth.  The  time  scale  for 
the  variations  is  long  enough  so  that  the 
uranium  concentrations  can  potentially 
be  used  by  themselves  or  coupled  with 
uranium-series  dating  methods  to  date 
fossil  materials  older  than  1  million  years. 
Particle  tracks  occur  from  causes  other 
than  induced  particle  reactions,  e.g.,  pri- 
mary cosmic  rays,  interactions  of  cosmic 
rays  from  space  with  minerals,  and 
spontaneous  fission  of  heavy  isotopes. 
Recently,  tracks  from  high-energy  cos- 
mic-ray interactions  have  been  observed 
in  lunar  materials  and  meteorites.  Seitz 
has  characterized  the  registration  of  these 
tracks  in  meteoritic  whitlockite  and 
shown  that  the  variability  in  track  reg- 
istration from  grain  to  grain  is  not  due  to 
chemical  differences.  Moreover,  it  is 
likely  that  the  variability  seen  in  whit- 
lockite and  other  extraterrestrial  min- 
erals is  due  to  an  anisotropy  in  their 
track-registering  properties.  Particle 
tracks  in  extraterrestrial  materials  can 
provide  detailed  information  about  the 
radiation  history  of  our  solar  system. 

Radiometric  Age  Determinations 

In  order  to  test  the  behavior  of  radio- 
metric "clocks"  and  the  range  of  geo- 
chemical  migration  in  regional  meta- 
morphism,  Hofmann  has  made  isotopic 
age  determinations  on  rocks  from  a  se- 
lected area  in  Idaho.  The  test  region 
offers  two  advantages,  (1)  a  large  age 
difference  (>1000  m.y.)  between  sedi- 
mentary deposition  and  metamorphism 
and  (2)  a  wide  range  of  metamorphic 
conditions  (upper  greenschist  to  upper 
amphibolite  facies).  The  Rb-Sr  results 
do  not  conform  to  an  isochron  and  were 
not  reset  (i.e.,  isotopically  homogenized) 
on  a  regional  or  on  a  single-outcrop  scale 
by  sillimanite-grade  metamorphism.  The 
results  from  small  slabs  cut  from  a  single 
block,  however,  do  conform  to  an  isochron 
indicating  the  time  of  metamorphism. 


Krogh  and  G.  L.  Davis  have  been  eval- 
uating the  effects  of  regional  meta- 
morphism on  U-Pb  systems  in  zircons 
and  are  comparing  the  results  with  those 
found  earlier  on  Rb-Sr  systems  in  whole 
rocks  and  minerals.  Their  results  demon- 
strate that  the  U-Pb  systems  in  zircons 
have  been  strongly  disturbed  by  a  meta- 
morphism that  did  not  produce  isotopic 
mixing  of  strontium  on  a  centimeter 
scale.  A  number  of  their  investigations 
are  designed  to  establish  the  time  of  for- 
mation of  rocks  from  the  Superior  and 
Grenville  provinces  of  the  Canadian 
Shield.  These  studies  are  critical  to  an 
understanding  of  plate  tectonics  in  the 
past.  These  investigators  have  assisted 
numerous  geochemists  in  applying  the 
newly  developed  technique  for  hydro- 
thermal  dissolution  of  zircon  and  the  iso- 
lation of  uranium  and  lead  for  isotopic 
age  determinations.  In  turn  they  have 
been  greatly  aided  by  the  high-precision 
mass  spectrometer  developed  by  the 
geochronologists  at  the  Department  of 
Terrestrial  Magnetism.  Investigators  can 
now  determine  U-Pb  ages  of  a  few  se- 
lected grains  from  old  zircon  populations, 
of  zircons  that  are  only  a  few  million 
years  old,  and  of  old  zircons  with  a  pre- 
cision of  about  a  million  years. 

Mattinson  and  Hopson  have  studied 
the  oldest  ophiolite  sequences  known 
(Ordovician)  and  found  that  they  formed 
in  a  very  narrow  interval  of  time  and 
were  involved  in  a  plate  collision  within 
100  m.y.  of  formation.  Assuming  that 
ophiolites  represent  old  sea  floor  formed 
at  a  spreading  ridge,  then  the  ages 
measured  by  Mattinson  and  Hopson  in- 
dicate that  a  major  period  of  sea-floor 
spreading  began  in  early  Paleozoic  times. 
Studies  of  plutonic  masses  within  the 
Salinian  Block  of  California  by  Mattin- 
son, Hopson,  and  T.  E.  Davis  indicate 
that  these  masses  were  emplaced  in  Cre- 
taceous times.  Some  of  the  masses  ap- 
parently assimilated  country  rocks  or  are 
anatectic  in  origin.  Some  were  emplaced, 
cooled,  and  crystallized  in  a  short  period 
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of  time,  whereas  others  remained  at  ele- 
vated temperatures  about  20  m.y.  after 
emplacement.  Mattinson  found  that  the 
basement  rocks  of  the  Mount  Rainier 
area  are  of  oceanic  or  island-arc  origin, 
and  he  thinks  their  metamorphism  may 
be  related  to  an  early  Franciscan  event 
well  to  the  south.  Geochronology  studies 
by  Gulson  and  Krogh  were  designed  to 
test  whether  certain  rocks  of  south  Green- 
land were  generated  by  local  partial 
melting  of  the  country  rock  during  meta- 
morphism and  migmatization  or  by  some 
other  unrelated  process.  The  igneous 
rocks  were  found  to  be  much  younger 
than  the  metamorphosed  country  rocks 
and  therefore  could  not  have  been  gen- 
erated by  the  same  process. 

Biogeochemistry 

In  a  completely  different  geological 
effort  involving  cooperation  on  a  national 
project,  Hoering,  Hare,  and  King  have 
been  examining  in  great  detail  the  organic 
matter  in  a  long  core  of  anaerobic  sedi- 
ment provided  by  the  Deep  Sea  Drilling 
Project  of  the  National  Science  Founda- 
tion. The  core  was  drilled  in  the  Cariaco 
"Trench"  off  Venezuela  and  represents 
material  deposited  under  uniform  condi- 
tions for  a  few  hundred  thousand  years. 
Hoering  made  a  survey  of  the  lipids  in 
the  samples  of  the  core  with  a  new  tech- 
nique he  developed  last  year.  It  consists 
of  reducing  lipids  to  deuterated  hydro- 
carbons with  lithium  aluminum  deuteride. 
The  amounts  of  hydrocarbons,  fatty  al- 
cohols, and  fatty  acids  in  a  sediment 
sample  can  be  determined  with  a  mini- 
mum amount  of  chemical  preparation.  He 
observed  a  marked  constancy  in  the  kinds 
and  amounts  of  lipids  throughout  the 
core.  Saturation  of  olefinic  double  bonds 
occurred  in  the  anaerobic  environment, 
but  very  little  transformation  of  carbon 
skeletons  occurred.  There  was  no  detect- 
able generation  of  hydrocarbons.  Most  of 
the  lipids  are  similar  to  those  found  in 
the  waxes  of  terrestrial  plants.  Hoering 
suspects  that  some  lipids  may  represent 


material  transported  from  land  and  de- 
posited in  the  marine  basin ;  however,  the 
proportion  of  marine  and  terrestrial  or- 
ganic matter  is  not  known. 

A  new  class  of  molecules  was  discov- 
ered in  the  sediments.  They  are  probably 
related  to  carotenoid  photosynthetic  pig- 
ments. Most  of  the  organic  carbon  in  the 
sediment  exists  as  the  high-polymer, 
kerogen.  Chemical  degradation  yields 
mainly  material  of  low  molecular  weight 
with  6  carbon  atoms  or  less.  The  results 
are  consistent  with  a  model  proposed  by 
Abelson  and  Hare  a  few  years  ago  for 
kerogen,  which  postulates  that  it  is 
formed  by  the  condensation  of  carbohy- 
drates and  amino  acids. 

Significant  differences  in  the  distribu- 
tion and  concentration  of  amino  acids 
and  ammonia  were  found  by  Hare  when 
samples  of  the  core  were  separated  into  a 
clay-rich  fraction  and  a  carbonate-rich 
fraction.  Diagenetic  changes  with  in- 
creasing depth  of  the  sample  revealed 
that  the  proportion  of  ammonia  to  amino 
acids  increased  with  the  age  of  the  sam- 
ple and,  in  addition,  that  there  were 
marked  differences  between  fractions  in 
the  rate  of  certain  organic  reactions.  Lit- 
tle or  no  epimerization  of  isoleucine  oc- 
curred in  the  clay  fraction,  whereas  a 
significant  amount  occurred  in  the 
carbonate  tests  of  microfossils.  The  evi- 
dence suggests  that  clay-organic  reactions 
may  be  important  in  the  diagenesis  of 
marine  organic  matter  and  that  a  com- 
bined study  of  clay  mineralogy  and  or- 
ganic geochemistry  may  be  an  important 
and  significant  approach  in  the  study  of 
organic  matter  in  marine  sediments. 

The  amino  acids  in  the  tests  of  dif- 
ferent species  of  Foraminifera  show  dif- 
ferent rates  of  diagenesis,  according  to 
King  and  Hare.  For  isoleucine  each 
species  exhibits  a  different  degree  of 
epimerization  at  a  given  time  horizon 
within  a  core.  For  a  given  species  an 
empirical  curve  can  be  obtained  that 
could  provide  the  basis  for  a  potentially 
useful  dating  technique. 
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EXPERIMENTAL  IGNEOUS  PETROLOGY 


Partial  Melting  of  Synthetic  and 
Natural  Peridotites  at  High  Pressures 

/.  Kushiro 

The  chemical  compositions  of  liquids 
formed  by  partial  melting  of  spinel 
lherzolite  (a  possible  material  in  rela- 
tively shallow  parts  of  the  oceanic  upper 
mantle)  at  high  pressures  have  been  de- 
termined by  microprobe  analysis  in  both 
synthetic  and  natural  rock  systems  under 
anhydrous  conditions.  It  is  demonstrated 
that  basaltic  liquids  are  actually  formed 
at  high  pressures  (10-20  kb)  by  direct 
partial  melting  of  a  natural  spinel 
lherzolite  from  the  tuff  of  Salt  Lake 
Crater,  Hawaii.  The  results  in  both 
synthetic  and  natural  rock  systems  sug- 
gest that  alkali  basaltic  liquid  is  formed 
at  least  at  20  kb  and  probably  at  higher 
pressures,  whereas  tholeiitic  liquid  is 
formed  at  lower  pressures  {> — 10  kb)  by 
partial  melting  of  spinel  lherzolite. 

Direct  determination  of  the  composi- 
tions of  liquids  formed  upon  partial  melt- 
ing of  upper  mantle  materials  at  high 
pressures  is  essential  for  the  understand- 
ing of  magma  genesis.  Such  a  determi- 
nation was  attempted  recently  by 
Kushiro  et  al.  (1972),  with  preliminary 
and  inadequate  results.  In  the  present 
experiments,  the  composition  of  glass 
(quenched  liquid)  formed  just  above  the 
solidus  of  the  spinel  peridotite  assem- 
blage at  pressures  between  10  and  25  kb 
has  been  determined  directly  in  the  rela- 
tively simple  four-  and  five-component 
systems  and  natural  rock  systems. 

The  System  MgtSiOk-CaAlgSitOi-SiO» 
at  10  kb 

A  geologically  important  isobaric  in- 
variant point  in  the  four-component  sys- 
tem CaO-MgO-Al203-Si02  has  been  de- 
termined by  analyzing  the  glass  formed 
at  10  kb.  This  invariant  point  involves 
forsterite  (Fo),  orthopyroxene  (Opx), 
clinopyroxene    (Cpx),   spinel    (Sp),   and 


liquid  (L)  and  is  related  to  the  anhydrous 
melting  of  spinel  lherzolite.  Another 
isobaric  invariant  point,  Opx  +  Cpx  -4- 
anorthite  (An)  -4-  Sp  -f-  L,  has  also  been 
determined. 

Two  different  starting  materials, 
DiesPyss  (by  weight)  (DP-65)  and 
An59En4i  (EAN-59),  were  used  for  the 
present  purpose.  The  experiments  were 
made  in  solid-media,  piston-cylinder  ap- 
paratus by  the  piston-out  technique 
(Richardson,  Bell  and  Gilbert,  Year  Book 
66,  392-397).  At  10  kb,  the  DP-65  com- 
position consists  of  Fo,  Opx,  Cpx,  Sp,  and 
L  at  1350  °C;  whereas  the  EAN-59  com- 
position consists  of  Opx,  Cpx,  Sp,  An,  and 
L  at  1345°C.  The  glasses  formed  under 
these  two  different  conditions  have  been 
analyzed  with  the  microprobe.  The  re- 
sults are  shown  in  Table  1  and  are  pro- 
jected onto  the  system  Fo-An-silica  from 
the  Di  composition  (Fig.  1). 

Each  of  these  analyses  is  the  average 
of  five  different  analyses  in  each  run 
product.  The  deviation  from  the  average 
is  less  than  0.5  absolute  wt  %  for  each 
oxide  component.  The  two  isobaric  in- 
variant points  A  and  B  are  located  close 
to  each  other  both  in  composition  and  in 
temperature.  The  invariant  point  B  is 
silica-oversaturated,  containing  2.4% 
normative  quartz,  whereas  A  lies  very 
close  to  the  plane  of  silica  saturation 
(0.03%  normative  quartz).  The  amounts 
of  the  diopside  component  are  small,  5.8 
and  4.4  wt  %,  respectively,  indicating 
that  these  isobaric  (10  kb)  invariant 
points  are  close  to  the  plane  Fo-An-silica, 
At  8  kb,  A  is  in  the  silica-oversaturated 
region  (2.2%  normative  quartz),  indicat- 
ing that  A  shifts  toward  the  silica-poor 
side  with  increasing  pressure.  At  1  atm, 
two  reaction  points  exist:  one,  a  piercing 
point,  involves  Fo,  Sp,  An,  and  L;  the 
other  involves  Fo,  An,  Ca-poor  pyroxene, 
and  L.  With  increasing  pressure,  the 
fields  of  Sp  and  Ca-poor  pyroxene  expand 
relative  to  those  of  An  and  Fo,  and  at  a 
pressure  near  8  kb  (Kushiro  and  Yoder, 
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TABLE  1. 

Microprobe  Analyses  and  Norms 

of  Liquids  (Glass)  Coexisting 

with  the  Spinel-Lherzolite  Assemblage 

CaO-MgO-Al203-Si02 

Na20-CaO-MgO-Al203 

-SiO; 

10  kb* 

10  kb 

10  kb 

20  kb 

25  kb 

1345°C 

1350°C 

1325?C 

1480°C 

1535°C 

Si02 

50.5 

49.8 

52.1 

49.3 

49.8 

M203 

21.2 

20.8 

18.6 

18.5 

17.3 

MgO 

14.7 

15.9 

13.8 

14.8 

15.9 

CaO 

12.8 

12.9 

13.5 

13.5 

12.6 

Na20 

1.60 

2.56 

2.28 

Totals 

99.2 

99.4 

99.6 

98.7 

97.9 

Norms 

(wt  %) 

Q 

2.37 

0.03 

Ab 

13.6 

16.4 

19.7 

An 

58.3 

57.1 

43.9 

39.5 

37.7 

Ne 

2.99 

Di 

4.43 

5.79 

18.1 

22.0 

20.3 

En 

34.9 

37.1 

20.4 

1.87 

Fo 

4.00 

19.0* 

20.4 

Anf 

75.3 

69.4 

64.3 

Abf 

24.7 

30.6 

35.7 

*  Coexisting  with  olivine,  orthopyroxene,  clinopyroxene,  and  plagioclase   (plagioclase-lherzolite 
assemblage). 
t  Mole  %. 
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Fig.  1.  Projection  of  the  isobaric  (10  kb)  invariant  points  Fo  +  Sp  +  Opx  +  Cpx  +  L  (A) 
and  An  +  Sp  +  Opx  +  Cpx  +  L  (B)  and  liquidus  boundaries  (heavy  dashed  lines)  at  10  kb  onto 
the  plane  Mg2Si04-CaAl2Si208-Si02.  Light  solid  lines  are  the  liquidus  boundaries  at  1  atm 
(Andersen,  1915).  Abbreviations:  An,  anorthite;  Cpx,  clinopyroxene;  Fo,  forsterite;  Opx,  ortho- 
pyroxene;  Sp,  spinel. 


1966)  these  four  fields  meet  at  an  in- 
variant point  where  Fo,  An,  Sp,  Ca-poor 
Px,  and  L  coexist.  At  higher  pressures, 
the  An  and  Fo  fields  would  be  separated 
by  the  Sp  and  Ca-poor  pyroxene  fields. 
Partial  melting  of  a  model  spinel 
lherzolite  in  this  four-component  system 
produces  a  liquid  of  composition  A  at  10 
kb.  Crystallization  of  an  olivine  tholeiitic 
liquid  in  the  same  system  would  also  pro- 
duce a  liquid  of  composition  A.  Since  the 
composition  of  this  liquid  is  within  the 
An  field  at  lower  pressures  (<8  kb), 
anorthite  can  crystallize  as  a  primary 
phase  from  the  liquid  of  composition  A 
with  lowering  pressure.    This  system  is, 


however,  too  simple  to  be  applied  to 
natural  rocks,  although  the  principle  is 
still  valid.  Hence,  albite  is  added  to  the 
above  four-component  system. 

The  System  Mg2SiOi-CaMgSi206- 
CaAl2Si208-NaAlSis08  at  High  Pressures 

The  "invariant  point"  related  to  the 
melting  of  spinel  lherzolite  has  been 
determined  in  a  portion  of  the  five-com- 
ponent system  Na20-CaO-MgO-Al203- 
Si02  at  10,  20,  and  25  kb.  The  glass  co- 
existing with  forsterite,  orthopyroxene, 
clinopyroxene,  and  spinel  has  been  ana- 
lyzed with  the  microprobe. 
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The  starting  material  was  a  mixture  of 
forsterite  (4) ,  enstatite  (8),  diopside  (2), 
anorthite  (4),  and  albite  (1)  in  molecu- 
lar ratio,  and  its  calculated  bulk  composi- 
tion was  as  follows:  Si02,  51.11;  A1203, 
14.45;  MgO,  22.86;  CaO,  10.60;  Na20, 
0.98  wt  %.  The  results  of  microprobe 
analyses  of  glass  formed  at  10  kb, 
1325°C;  20  kb,  1480°C;  and  25  kb, 
1535°C,  are  given  in  Table  1.  Each 
analysis  is  the  average  of  five  analyses 
made  from  five  different  parts  of  each 
run  product.  The  deviation  from  the 
average  is  less  than  0.2  absolute  wt  %  for 
Na20  and  less  than  0.8  wt  %  for  the  other 
oxide  components.  The  amount  of  glass 
is  estimated  to  be  ^4  to  %  of  the  charge. 
If  the  starting  material  were  more 
forsterite-rich  {< — 60  wt  %),  the  amounts 
of  these  liquids  would  be  15-20  wt  %. 
The  analysis  of  Na  may  include  a  con- 
siderable error  because  of  possible  loss 
of  Na  during  the  analysis,  and  the  low 
total  of  the  last  analysis  may  be  due  to 
this  effect. 

As  shown  in  the  analyses  and  norms, 
the  liquid  at  10  kb  is  slightly  under- 
saturated  with  silica,  containing  a  large 
amount  of  the  pyroxene  component, 
whereas  the  liquid  at  20  kb  has  norma- 
tive nepheline  and  a  considerable  amount 
of  the  olivine  component.  The  former 
composition  is  tholeiitic,  and  the  latter, 
alkali  basaltic.  At  25  kb  the  liquid  con- 
tains a  small  amount  of  normative  en- 
statite. If  part  of  the  Na  was  lost  during 
the  analysis,  the  original  liquid  could 
have  normative  nepheline,  like  that  at 
20  kb.  The  amount  of  the  olivine  com- 
ponent is  slightly  larger  than  that  at  20 
kb.  The  composition  of  normative  plagio- 
clase  in  the  liquid  becomes  more  sodic 
with  increasing  pressure,  going  from  sodic 
bytownite  to  calcic  labradorite. 

In  this  five-component  system  the 
liquid  coexisting  with  four  different  solid 
phases  .can  change  its  composition  as  well 
as  the  solid  phases  over  a  certain  tem- 
perature interval  even  at  fixed  pressure; 
that  is,  they  are  in  an  isobaric  univari- 


ant  relation.  In  the  present  experiments 
the  range  of  compositional  change  of  the 
liquid  within  this  temperature  interval 
was  not  determined.  The  present  data 
suggest  that  alkali  basalt  magmas  can  be 
generated  at  least  near  20  kb  0 — 60  km) 
by  direct  partial  melting  of  spinel  lherzo- 
lite, whereas  tholeiitic  magmas  are  gen- 
erated at  lower  pressures  (■ — 10  kb). 

Natural  Garnet  and  Spinel  Lherzolites 

The  starting  materials  used  in  the 
present  experiments  are  a  garnet-lherzo- 
lite  inclusion  from  Bultfontein  kimberlite 
mine,  Kimberley,  which  was  supplied  by 
Dr.  A.  J.  Erlank,  and  a  spinel-lherzolite 
inclusion  in  the  tuff  of  Salt  Lake  Crater, 
Hawaii,  described  by  Kuno  (1969).  Since 
the  former  lherzolite  contains  considera- 
ble amounts  of  serpentine  and  other  al- 
teration products,  the  constituent  min- 
erals are  separated,  purified,  and  remixed 
in  the  following  proportions:  olivine  20, 
orthopyroxene  20,  clinopyroxene  30,  gar- 
net 30  wt  %.  In  order  to  obtain  a  greater 
amount  of  liquid  upon  partial  melting, 
the  proportions  of  clinopyroxene  and 
garnet  have  been  increased  over  those  of 
the  natural  garnet  lherzolite.  The  bulk 
composition  of  this  mixture,  on  the  basis 
of  microprobe  analyses  of  the  constituent 
minerals,  is  as  follows:  Si02,  49.5;  A1203, 
6.83;  Cr203,  1.70;  FeO  (total  iron),  5.10; 
MnO,  0.13;  MgO,  28.6;  CaO,  7.70;  Na20, 
0.46;  K20  and  Ti02  in  trace  amounts. 
The  spinel  lherzolite  was  admixed  with 
1  wt  %  anhydrous  phlogopite  composi- 
tion (a  mixture  of  forsterite,  leucite,  and 
KAlSi04)  to  make  total  K20  0.19  wt  %. 
Graphite  capsules  were  used  for  all  the 
runs.  The  oxygen  fugacity  of  these  runs 
is  expected  to  be  that  for  the  stability  of 
wiistite  (Thompson  and  Kushiro,  this  re- 
port). The  samples  were  heated  within 
graphite  capsules  at  about  1000  °C  for  a 
minute  in  air  to  eliminate  H20.  In  all  the 
runs,  quench  crystals  were  very  rare  and 
clear  pale  green  glass  was  obtained. 

The  analysis  of  the  glass  that  is  formed 
by  melting  of  the  garnet-lherzolite  mix- 
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ture  at  10  kb  and  coexists  with  the  spinel- 
lherzolite  assemblage  is  shown  in  Table  2 
(column  1).  It  is  silica-saturated  and 
appears  to  resemble  some  tholeiitic  ba- 
salts; Cr203  is  much  higher  (1.3  wt  %) 
and  iron  is  much  lower  than  these  basalts 
however,  and  the  FeO/MgO  ratio  is  un- 
like those  of  basalts.  These  results  may 
suggest  that  the  garnet  lherzolite  used 
in  this  study  cannot  be  a  source  mate- 
rial of  basalt  magma  or  that  basalt 
magma  could  be  formed  from  this  liquid 
by  fractional  crystallization.  In  the  lat- 
ter case,  however,  effective  removal  of 
Cr-rich  spinel  and  pyroxene,  but  not  of 
olivine,  must  take  place.  Since  the  olivine 
field  expands  relative  to  the  pyroxene 
fields  at  lower  pressures  (Kushiro,  1968; 
O'Hara,  1968)  fractional  crystallization 
is  unlikely  to  occur. 

On  the  other  hand,  liquids  formed  by 
partial  melting  of  the  spinel  lherzolite 


(with  the  addition  of  1  wt  %  anhydrous 
phlogopite  composition)  do  not  show  such 
anomalous  compositions  (Table  2,  col- 
umns 2  and  3) .  At  10  kb  the  liquid  is  low 
in  alkalies  and  is  similar  to  some 
tholeiitic  basalts,  whereas  at  20  kb  the 
liquid  is  richer  in  alkalies  and  lower  in 
silica  and  is  similar  to  some  alkali  basalts. 
When  anhydrous  phlogopite  composition 
was  not  added  to  the  lherzolite,  the  liquid 
that  formed  at  15  kb,  1430°C,  contained 
about  0.1  wt  %  K20.  This  value  is  lower 
than  those  of  most  basalts,  but  not  much 
lower  than  those  of  oceanic  tholeiites. 
These  results  suggest  that  the  present 
spinel  lherzolite  from  Salt  Lake  could 
be  a  source  material  of  tholeiitic  and 
alkali  basalts,  as  far  as  the  chemistry  of 
the  major  elements  is  concerned.  It 
should  be  noted  that  the  Na20  content 
increases  considerably  from  10  to  20  kb. 
The  partial  melting  appears  to  be  a  little 


TABLE  2.   Microprobe  Analyses  and  Norms  of  Liquids  (Glass)  Formed  by  Partial 
Melting  of  Natural  Lherzolites  under  Anhydrous  Conditions 


Si02 

51.8 

49.0 

A1203 

15.3 

16.8 

Ti02 

0.02 

0.6 

Cr203 

1.3 

0.1 

FeO* 

4.9 

10.5 

MnO 

0.2 

0.3 

MgO 

11.9 

11.0 

CaO 

13.0 

10.4 

Na20 

1.4 

0.8 

K20 

0.1 

0.5 

Totals 

99.9 

100.0 
Norms 

Q 

0.3 

Or 

0.6 

3.0 

Ab 

11.9 

6.8 

An 

35.2 

40.8 

Ne 

Di 

23.4 

8.8 

Hy 

26.7 

32.8 

01 

6.6 

11 

0.05 

1.1 

Cm 

2.0 

0.2 

43.8 

19.0 

0.6 

10.9 

0.2 

10.5 

11.5 

2.3 

1.1- 

99.9 


6.5 

1.0 

38.3 

10.0 

15.0 

27.9 
1.1 


*  Total  iron  as  FeO. 

1.   Formed  from  a  garnet-lherzolite  mixture  at  10  kb,  1325°C. 

2  and  3.  Formed  from  a  spinel  lherzolite  (with  addition  of  1  wt  %  anhydrous  phlogopite  com- 
position) at  10  kb,  1340°C,  and  at  20  kb,  1460° C,  respectively. 
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more  advanced  in  the  10-kb  run  than  in 
the  20-kb  run;  however,  the  increase  of 
Na20  in  the  liquid  with  pressure  is  sig- 
nificant. This  tendency,  which  is  also 
shown  in  the  five-component  system 
(Table  1) ,  would  be  explained  by  the  ef- 
fect of  shifting  of  the  Fo-Enss  boundary 
toward  Ne  with  increasing  pressure  shown 
in  the  system  Fo-Ne-silica  (Kushiro, 
1968). 

The  crystalline  phases  in  the  run  prod- 
ucts have  also  been  analyzed.  Ortho- 
pyroxene  formed  from  spinel  lherzolite 
at  10  kb,  1340°C,  contains  1.5%  A1203 
and  0.91%  CaO  and  has  an  MgO/ 
(MgO  +  FeO)  ratio  of  0.906,  compared 
with  5.4%  AI0O3,  0.7%  CaO,  and  an 
MgO/  (MgO  +  FeO)  ratio  of  0.857  in  the 
original  orthopyroxene.  The  former  ratio 
is  close  to  those  of  orthopyroxenes  from 
the  relatively  Mg-rich  spinel-lherzolite 
inclusions.  Olivine  formed  at  20  kb  has 
the  composition  Fo9i.7Fa8.3,  which  is  also 
close  to  those  of  the  relatively  Mg-rich 
spinel-lherzolite  inclusions.  These  re- 
sults indicate  that  the  residual  materials 
left  after  subtraction  of  basaltic  liquids 
from  the  present  lherzolite  have  realistic 
compositions. 

The  temperatures  at  which  the  four 
crystalline  phases  01,  Opx,  Cpx,  Sp,  and 
liquid  coexist  in  the  five-component  sys- 
tem are  close  to  those  of  natural  rock 
systems  (Tables  1  and  2).  This  coinci- 
dence has  been  pointed  out  in  the  simple 
and  natural  lherzolite-HoO  systems 
(Yoder,  Year  Book  69,  pp.  176-181). 

The  present  experimental  results  indi- 
cate that  at  least  some  lherzolite  inclu- 
sions with  a  relatively  high  Fe/Mg  ratio 
(Fe/[Mg  +  Fe]  ~0.15)  could  be  a 
source  of  basalt  magmas  and  that  mag- 
mas of  alkali  basaltic  nature  could  be 
formed  by  partial  melting  of  these 
lherzolites  at  relatively  high  pressures 
(e.  g.,  t — 20  kb)  and  those  of  tholeiitic 
nature,  at  lower  pressures  under  anhy- 
drous conditions.  It  is  also  suggested  that 
at  least  the  present  garnet-lherzolite  in- 
clusion   (Fe/[Mg   +  Fe]    =  0.089)   in 


kimberlite  cannot  be  a  source  of  basalt 
magmas;  however,  those  with  a  rela- 
tively high  Fe/Mg  ratio  may  be  a  suit- 
able source. 

Ultramafic  Nodules  from  the  Thaba 
Putsoa  Kimberlite  Pipe 

F.  R.  Boyd  and  P.  H.  Nixon* 

Intensive  study  of  chemical  variations 
in  suites  of  minerals  from  ultramafic 
nodules  in  kimberlites  is  providing  an 
increased  measure  of  understanding  of 
the  extent  of  these  variations  and  of 
their  causes.  Present  comprehension  of 
this  problem  is  most  easily  illustrated 
with  reference  to  a  composite  plot  of 
analyses  of  diopsidic  pyroxenes  from 
about  twenty  kimberlite  pipes  in  Africa 
(Fig.  2). 

These  diopsides  form  three  composi- 
tion fields.  In  field  A  (Fig.  2)  are  the 
common  chrome  diopsides  from  garnet 
lherzolite  nodules,  found  in  many  kim- 
berlite pipes.  In  field  B  (Fig.  2)  are 
diopsides  that  have  crystallized  with 
ilmenite,  usually  (but  not  always)  in 
lamellar  intergrowths  such  as  the  much- 
studied  specimens  from  the  Monastery 
mine  (e.g.,  Boyd,  Year  Book  70).  In 
field  C  (Fig.  2)  are  a  group  of  subcalcic 
diopsides  with  equilibration  tempera- 
tures in  the  range  1300°-1400°C.  These 
come  from  tectonically  deformed  lherzo- 
lite nodules,  discrete  nodules,  and 
pyroxene-garnet  rocks  called  griquaites. 
It  now  appears  that  the  pyroxenes  in 
these  three  composition  fields  have  equi- 
librated in  different  temperature  ranges 
at  depth  in  the  mantle  prior  to  eruption. 

One  of  the  difficulties  in  understanding 
these  relations  has  been  the  lack  of  a 
sufficient  knowledge  of  compositional 
variations  in  the  ultramafic  nodules  in 
any  individual  pipe.  Modern  methods  of 
electron  probe  analysis  (Finger  and 
Hadidiacos,  this  report)  make  it  possible 
to  thoroughly  examine  mineralogical 
variations  in  a  given  kimberlite  pipe  by 

*  Department  of  Mines,  Maseru,  Lesotho. 
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Fig.  2.  Diopsidic  pyroxenes  from  African  kimberlites  plotted  in  a  portion  of  the  pyroxene 
quadrilateral,  after  Boyd  (Year  Book  70),  with  an  additional  46  analyses  from  Boyd  and  Nixon 
(this  report)  and  Boyd  and  Dawson  (this  report).  Temperatures  are  for  the  Di  (en)  solvus  in  the 
system  CaMgSi206-MgSi03  at  30  kb  (Davis  and  Boyd,  1966). 


obtaining  a  rather  large  number  of  com- 
plete chemical  analyses.  In  this  article 
are  presented  the  preliminary  results  of 
an  intensive  study  of  the  ultramafic 
nodules  of  the  Thaba  Putsoa  kimberlite 
pipe  in  Lesotho  with  additional  data  for 
other  pipes  in  Lesotho  and  in  the  Orange 
Free  State.  Dawson  (1962)  and  Nixon, 
von  Knorring,  and  Rooke  (1963)  have 
described  the  geology  of  the  Thaba 
Putsoa  intrusive  and  provided  a  few 
data  on  its  mineralogy. 

Petrography 

Petrographic  study  of  the  ultramafic 
nodules  from  the  Thaba  Putsoa  kimber- 
lite shows  that  they  can  be  grouped  into 
four  classes:  granular  ultramafic  nodules, 
sheared  ultramafic  nodules,  discrete  nod- 
ules, and  griquaites.  The  granular  ultra- 
mafic nodules  are  garnet  lherzolites  that 
are  typical  of  those  found  in  most  kim- 
berlite pipes  in  Africa.  Characteristically 
they    contain   chrome    diopside,   Cr-rich 


pyrope,  and  chromite  (Table  3).  The 
sheared  nodules  are  also  garnet  lherzolites, 
but  they  differ  from  the  granular  nodules 
in  that  they  have  a  flaser  or  even  submy- 
lonitic  texture  and  in  that  chromite  is 
lacking.  The  garnet  and  diopside  in  the 
sheared  nodules  have  been  less  granulated 
than  the  olivine  and  orthopyroxene  and 
have  possibly  even  recrystallized  during 
dynamic  metamorphism.  The  discrete 
nodules  are  usually  monomineralic,  but  in 
some  cases  the  dominant  mineral  in  a  nod- 
ule contains  inclusions  or  is  intergrown 


TABLE   3.     Modal    Composition   of   Granular 
Ultramafic  Nodules  from  Thaba  Putsoa 


Range 

Mean 

Olivine 

50-75 

60 

Enstatite 

5-45 

28 

Chrome-diopside 

0-20 

5 

Chromite 

0-10 

3 

Chrome-pyrope 

(+  kelyphite) 

0-15 

4 
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TABLE  4.  Proportions  of  Coarse  Fragments  in 
Concentrates  from  Thaba  Putsoa  and  Solane 


Solane 

Thaba  Putsoa 

Garnet 

35 

66 

Diopside 

8 

19 

Ilmenite 

45 

8 

Griquaite 

5 

4 

Other* 

7 

4 

*  Includes  orthopyroxene,  olivine,  and  mica. 

with  another  mineral.  Garnet  and  diopside 
are  the  dominant  discrete  nodules  at 
Thaba  Putsoa  (Table  4).  The  griquaites 
are  garnet-clinopyroxene  nodules  that 
resemble  eclogites  except  that  the  pro- 
portions of  garnet  and  pyroxene  show  a 
complete  range  from  wholly  garnet  to 
wholly  pyroxene.  They  also  differ  from 
typical  eclogites  in  that  the  pyroxene  is 
a  subcalcic  diopside  rather  than  an  om- 
phacite. 

Analytical  Results 

Seventy-six  grain  analyses  have  been 
made  of  garnets,  diopsides,  ilmenites, 
and  chromites  from  the  Thaba  Putsoa 
nodules  with  an  additional  41  analyses 
of  similar  minerals  from  other  pipes  in 
Lesotho  and  from  the  Monastery  Mine, 
Orange  Free  State.  Each  grain  analysis 
is  an  average  of  three  to  five  point 
analyses.  Multiple  point  analyses  in  a 
given  grain  agree  well;  these  minerals 
are  unusually  homogeneous,  as  shown 
by  Boyd  (1969).  All  of  the  analyses 
have  been  reduced  by  a  program 
(FERRIC)  which  estimates  Fe3+  and 
Fe203  (Finger,  this  report),  calculates 
the  uncertainty  in  the  Fe3+  calculation, 
and  calculates  parameters  needed  in 
plotting  the  data.  Calculated  Fe3+  is  less 
than  the  uncertainty  in  the  garnets  and 
pyroxenes ;  it  is  about  equal  to  or  greater 
than  the  uncertainty  in  the  spinels.  The 
ilmenites  all  contain  significant  Fe3+. 
Hence,  Fe203  is  reported  in  the  analyses 
of  ilmenites  and  spinels  but  all  Fe  is  cal- 
culated as  FeO  in  the  analyses  of  garnets 


and  pyroxenes.  Representative  analyses 
are  given  in  Tables  5  through  9. 

In  Fig.  3  the  Thaba  Putsoa  diopsides 
are  plotted  in  the  pyroxene  quadrilateral 
and  compared  with  fields  encompassing 
approximately  a  hundred  diopsides  from 
a  large  number  of  pipes  in  southern 
Africa.  A  majority  of  the  Thaba  Putsoa 
diopsides  form  two  distinct  groups.  The 
chrome  diopsides  from  the  granular  ul- 
tramafic  nodules  are  Fe-poor  and  show 
a  restricted  solid  solution  toward  ensta- 
tite.  In  this  respect  they  contain  less  Fe 
and  less  Mg  than  most  chrome  diopsides 
from  other  African  kimberlites.  The 
diopsides  from  the  sheared  ultramafic 
nodules,  the  discrete  nodules,  and  the 
griquaites  form  a  second  group  that  is 
distinctive  in  being  markedly  subcalcic 
and  somewhat  more  Fe-rich. 

Nixon,  von  Knorring,  and  Rooke 
(1963)  described  the  first  subcalcic 
diopside  from  kimberlite,  a  pyroxene 
from  a  garnet  lherzolite  nodule  (E-3) 
from  Thaba  Putsoa.  Boyd  (1969)  and 
Boyd  and  Nixon  (Year  Book  68)  pro- 
vided analyses  for  additional  samples, 
including  two  from  the  Shinyanga  dia- 
mond field  in  Tanzania.  Sobolev  (1970) 
has  also  found  subcalcic  diopsides  in  the 
Udachnaya  kimberlite  pipe  in  the  Soviet 
Union.  The  present  investigation  has 
considerably  increased  the  number  of 
known  examples.  Subcalcic  diopsides 
have  been  found  in  the  Solane  and 
Blow-13  kimberlites  as  well  as  at  Thaba 
Putsoa.  Figure  3  shows  that  the  diop- 
sides from  the  sheared  nodules,  the  dis- 
crete nodules,  and  the  griquaites  are 
very  similar;  and  these  data,  as  well  as 
data  on  the  associated  garnets  described 
hereafter,  suggest  a  genetic  connection 
between  these  types  of  nodules. 

Histograms  in  Fig.  4  show  that  the 
chrome  diopsides  from  the  normal  ultra- 
mafic  nodules  can  be  distinguished  from 
the  subcalcic  varieties  on  the  basis  of 
Ti02  and  Cr203  contents  as  well  as  Ca/ 
(Ca  -4-  Mg)  ratio.  The  chrome  diopsides 
from  Thaba  Putsoa  contain  1-2%  Cr203, 
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TABLE  5.   Some  Coexisting  Minerals  in  Two  Granular  Garnet  Lherzolite  Nodules, 

Thaba  Putsoa  Pipe 


1573 

1592 

Diopside 

Garnet 

Chromite 

Diopside 

Garnet 

Chromite 

Si02 

54.7 

41.2 

0.05 

54.2 

42.0 

0.05 

Ti02 

<0.05 

<0.05 

0.1 

<0.05 

<0.05 

0.08 

A1203 

1.8 

17.6 

13.6 

2.3 

20.2 

12.9 

Cr203 

1.2 

8.3 

53.9 

1.9 

4.7 

54.8 

Fe203 

5.1* 

5.4* 

FeO 

lit 

6.5f 

13.0* 

1.7t 

6.3t 

12.6* 

MnO 

0.07 

0.5 

0.3 

0.06 

0.4 

0.3 

MgO 

16.6 

17.9 

13.7 

16.1 

20.2 

13.9 

CaO 

20.7 

7.7 

<0.05 

20.3 

5.6 

<0.05 

Na20 

1.4 

<0.05 

n.d.t 

99.8 

1.7 

<0.05 

n.d. 

Totals 

98.1 

99.7 

98.3 

99.4 

100.0 

Number  of  Cations  (X1000)  for  n  Oxygens 

n  =  6 

n  =  12 

n  =  4 

n  =  6 

n  =  12 

n  =  4 

Si 

2003  ] 

3010  1 

2  ' 

1987  ] 

3014  ] 

2 

Ti 

1 

2 

3 

1 

1 

2 

Al 

79 

1518 

511 

101 

1709 

485 

Cr 

36 

480 

1359 

56 

269 

1379 

Fe3  + 

Fe2+ 

'   50t 

3991 

'  400t 

7989 

122* 
347* 

3000§ 

'    52t 

3997 

'  379f 

>7997 

129* 
336* 

3000§ 

Mn 

2 

28 

8 

2 

25 

8 

Mg 

907 

1946 

650 

879 

2164 

660 

Ca 

811 

604 

0 

797 

433 

0 

Na 

102  J 

1  J 

n.d.  J 

122  j 

3  J 

n.d.  J 

*  Calculated  from  total  Fe  and  structure  formula. 

t  Total  Fe  as  FeO  or  Fe2+. 

t  Not  determined. 

§  Cation  total  normalized  in  the  course  of  Fe3+  calculation. 


TABLE  6. 

Coexisting  Diopsides 

and  Garnets  in 

Two  Sheared  Garnet  Lherzolite  Nodules, 

Thaba  Putsoa  Pipe 

1597 

1611 

Diopside 

Garnet 

Diopside 

Garnet 

Si02 

55.5 

42.9 

54.8 

42.7 

Ti02 

0.2 

0.7 

0.3 

0.8 

A1203 

2.7 

20.6 

2.4 

21.2 

Cr203 

0.8 

2.7 

0.5 

1.5 

FeO* 

4.1 

6.5 

5.1 

8.6 

MnO 

0.1 

0.2 

0.1 

0.3 

MgO 

21.5 

22.2 

20.3 

20.7 

CaO 

12.0 

4.3 

13.0 

4.3 

Na20 

1.6 
98.5 

0.08 

1.5 
98.0 

0.07 

Totals 

100.2 

100.2 

Number  of  Cations  (X1000)  for 

n  Oxygens 

n  =  6 

n  =  12 

n  =  6 

n  =  12 

Si 

19941 

3032 

1992] 

3038 

Ti 

5 

37 

8 

43 

Al 

114 

1715 

103 

1774 

Cr 

22 

149 

14 

82 

Fe2+* 

122 

[3989 

384 

8004 

156 

>3993 

514 

[7997 

Mn 

4 

14 

4 

16 

Mg 

1151 

2337 

1102 

2192 

Ca 

463 

325 

508 

328 

Na 

114J 

llj 

106J 

10J 

*  Total  Fe  as  FeO  or  Fe2+. 
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TABLE  7.   Coexisting  Minerals  in  Discrete  Nodules  and  in  a  Griquaite  Nodule, 

Thaba  Putsoa  Pipe 


Pyrope  Nodule  (1600A-1) 

Pyrope  Nodule  (1600A-3) 

Griquaite  Nodule  (1601B-1) 

Pyrope 

Diopside* 

Pyrope 

Ilmenitef 

Pyrope 

Diopside 

Si02 

41.3 

54.5 

41.2 

0.07 

42.6 

55.6 

Ti02 

1.0 

0.4 

0.5 

50.7 

1.0 

0.3 

AI2O3 

20.7 

2.6 

22.1 

0.8 

20.9 

2.5 

Cr203 

1.1 

0.3 

0.1 

0.2 

1.1 

0.3 

Fe203 

11.5J 

FeO 

9.2§ 

5.9§ 

13. 5§ 

27.6J 

8.8§ 

5.6§ 

MnO 

0.3 

0.1 

0.5 

0.2 

0.3 

0.2 

MgO 

20.3 

20.1 

18.0 

10.0 

20.9 

21.2 

CaO 

4.4 

14.1 

3.8 

<0.05 

4.5 

13.7 

Na20 

0.07 

1.6 

<0.05 

n.d.|| 

0.07 

1.5 

Totals 

98.4 

99.6 

99.7 

101.1 

100.2 

100.9 

Number  of  Cations  (X1000)  for  n  Oxygens 

n  =  12 

n  =  6 

n  =  12 

n  =  3 

n  =  12 

n  =  6 

Si 

30061 

19691 

29971 

2 

30341 

19751 

Ti 

52 

10 

25 

885 

56 

8 

Al 

1776 

111 

1896 

22 

1750 

104 

Cr 

63 

7 

7 

3 

60 

8 

Fe3+ 
Fe2+ 

560 

>8027 

178 

4016 

'823 

8030 

201 
536 

,200011 

523 

8011 

167 

4010 

Mn 

18 

4 

29 

4 

15 

5 

Mg 

2200 

1083 

1953 

346 

2217 

1122 

Ca 

342 

544 

296 

0 

346 

521 

Na 

10J 

110J 

4; 

n.d. 

10J 

100; 

*  Inclusion  in  pyrope. 

t  Intergrowth  with  pyrope. 

t  Calculated  from  the  total  Fe  and  the  structure  formula. 

§  Total  Fe  as  FeO. 

1 1  n.d.,  not  determined. 

I  Normalized  in  the  course  of  the  ferric  iron  calculation. 


TABLE  8.   Compositions  of  Mineral  Grains  Picked  from  Concentrate,  Blow  13  Pipe 


Intergrowth  (1630A) 


Enstatite 


Diopside 


Grain  (1630B) 
Garnet 


Si02 

Ti02 

A1203 

Cr203 

FeO* 

MnO 

MgO 

CaO 

Na20 


Totals 


Si 

Ti 

Al 

Cr 

Fe 

Mn 

Mg 

Ca 

Na 


56.4 
0.2 
1.4 
0.2 
6.7 
0.1 

32.8 
1.6 
0.3 

99.7 


54.8 
0.3 
2.3 
0.6 
5.4 
0.2 
22.0 
12.9 
1.4 

99.9 


Number  of  Cations  ( X 1000)  for  n  Oxygens 
=  6  n  =  6 


19621 

5 

57 

6 

195 

4 

1701 

61 

22 


4013 


1962 

8 

98 

16 

162 

5 

1177 

496 

99J 


4023 


41.3 
1.1 

20.7 
0.8 

10.4 
0.3 

19.6 
4.2 
0.07 

98.5 


n  =  12 


3015 

59 

1776 

44 

636 

19 

2134 

331 

10 


8024 


*  Total  Fe  as  FeO. 
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TABLE  9.  Compositions  of  Some  Minerals  in  Discrete  Nodules  from  the 
Solane  and  Kao  Pipes 


Solane 

Kao 

1618 

1622 

1620  A 

1107 

Pyrope 

Diopside 

Ilmenite 

Pyrope 

Si02 

41.2 

55.2 

0.07 

41.5 

Ti02 

1.1 

0.3 

49.6 

0.9 

A1203 

20.7 

2.5 

0.6 

20.6 

Cr203 

0.8 

0.3 

0.5 

1.3 

Fe203 

12.3* 

FeO 

10.3f 

5.6t 

29.9* 

8.6f 

MnO 

0.3 

0.2 

0.3 

0.3 

MgO 

19.7 

21.0 

8.1 

20.8 

CaO 

4.7 

13.4 

0.05 

4.6 

Na20 

0.07 

1.5 

n.d.t 
101.4 

0.05 

Totals 

98.9 

100.0 

98.7 

Number 

of  Cations  (X1000)  for 

n  Oxygens 

n  =  12 

n  =  6 

n  =  3 

n  =  12 

Si 

29991 

1974) 

2] 

30051 

Ti 

61 

9 

877 

50 

Al 

1773 

107 

15 

1761 

Cr 

44 

8 

10 

73 

Fe3+ 
Fe2+ 

'625 

8035 

167 

4013 

217 

588 

2000§ 

'5*22 

8034 

Mn 

18 

5 

5 

16 

Mg 

2140 

1123 

284 

2244 

Ca 

365 

514 

1 

356 

Na 

10J 

106; 

n.d. 

7J 

*  Calculated  from  total  Fe  and  the  structure  formula. 

tTotal  Fe  as  FeO. 

t  Not  determined. 

§  Normalized  in  the  course  of  the  ferric  iron  calculation. 
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Fig.  3.  Analyses  for  Thaba  Putsoa  diopsides  plotted  in  a  portion  of  the  pyroxene  quadrilateral. 
Temperatures  are  for  the  Di(en)  solvus  (Davis  and  Boyd,  1966).  Data  for  which  the  fields  A, 
B,  and  C  are  drawn  are  given  in  Fig.  2. 
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Fig.  4.   Histograms  for  Cr203  and  Ti02  in  Thaba  Putsoa  pyroxenes. 
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whereas  the  subcalcic  diopsides  uni- 
formly contain  less  than  1%  Cr203.  Ti02 
can  be  used  even  more  successfully  to 
discriminate  these  groups.  The  chrome 
diopsides  contain  on  the  order  of  0.01% 
Ti02,  an  amount  too  small  to  be  detected 
with  confidence  by  the  rapid  analysis 
method  used.  In  contrast,  the  subcalcic 
diopsides  contain  0.1-0.4%  Ti02. 

These  compositional  differences  be- 
tween the  calcic  and  subcalcic  pyroxenes 
are  mirrored  by  differences  in  the  co- 
existing garnets.  Variations  in  Ca,  Mg, 
and  Fe  in  the  Thaba  Putsoa  garnets* are 
shown  in  Fig.  5,  where  they  are  com- 
pared with  composition  fields  for  garnet 
inclusions  in  diamond  (Meyer  and  Boyd, 
1972)  and  with  a  selection  of  garnets 
from  pipes  in  the  Kimberley  area  (Reid 
and  Hanor,  1970).  There  is  a  clear  dif- 
ference between  the  garnets  from  the 
granular  ultramafic  nodules,  on  the  one 
hand,  and  those  from  the  sheared  nod- 
ules, discrete  nodules,  and  griquaites,  on 
the  other.  Garnets  from  the  granular 
ultramafic  nodules  are  richer  in  Ca  and 
poor  in  Fe;  they  have  a  variable  Ca 
content  but  a  restricted  range  in  Mg/ 
(Mg  -f-   Fe).    As  is  the  case  with  the 


associated  diopsides,  there  appear  to  be 
no  significant  differences  in  composition 
between  the  garnets  from  the  sheared 
ultramafic  nodules,  the  discrete  nodules, 
and  the  griquaites.  These  all  show  a 
variable  Mg/(Mg  +  Fe),  but  their  Ca 
content  is  restricted  to  the  range  12-14 
mole  %. 

Compositional  differences  between 
these  two  sets  of  garnets  also  appear  in 
histograms  for  their  Ti02  and  Cr2C>3 
contents  (Fig.  6).  Garnets  from  the 
granular  ultramafic  nodules  that  coexist 
with  chrome-rich,  calcic  diopsides  and 
with  chromite  are  themselves  rich  in 
Cr203  (4-8  wt  %)  and  very  poor  in 
Ti02  (~  0.01%);  garnets  from  the 
sheared  ultramafic  nodules,  discrete 
nodules,  and  griquaites  that  coexist  with 
subcalcic  diopsides  are  relatively  poor  in 
Cr203  (1-3%)  and  rich  in  Ti02  (0.5- 
1%).  Transitional  types  occur,  as  is 
evident  in  Fig.  6,  but  the  major  relations 
are  clear.  These  differences  in  Ti02  and 
Cr2C>3  exactly  mirror  the  differences  in 
the  associated  pyroxenes. 

One  example  from  Thaba  Putsoa  of  a 
garnet  associated  with  ilmenite  is  shown 
in  Figs.  5  and  6  and  Table  7,  and  it  is 


ca               THABA  PUTSOA  GARNETS 

10k 

O    ULTRAMAFIC   NODULE 

Q    SHEARED  ULTRAMAFIC  NODULE 

O   DISCRETE   NODULE 

8o/ 

0 
CD 
O 

Cb°° 

A    GRIQUAITE 

90/f 

MB       , 

□ 

(a       ^o°- 

D               __- -, 

RH          ^^^ 

Atomic    per 
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Mg 

10 

20 

30                                 40 

Fig.  5.  Compositions  of  Thaba  Putsoa  garnets  in  a  Ca:Mg:Fe  ternary  diagram.  Field  RH  is 
for  garnets  described  by  Reid  and  Hanor  (1970);  field  MB  is  for  garnet  inclusions  in  diamonds 
described  by  Meyer  and  Boyd  (1972). 


370 


CARNEGIE     INSTITUTION 


THABA    PUTSOA  GARNETS 


Cr203 


4.0  6.0 

Weight   per  cent 


TiO; 


J i L 


j L 


J L. 


WITH  CALCIC 
DIOPSIDE 


0.4  0.6 

Weight   per  cent 


□  WITH  SUBCALCIC 
DIOPSIDE 


WITH    ILMENITE 


Fig.  6.    Histograms  for  Cr203  and  Ti02  in  Thaba  Putsoa  garnets. 
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Fig.  7.  Compositions  of  garnets  from  a  variety  of  kimberlite  pipes  in  a  Ca:Mg:Fe  ternary  dia- 
gram. Field  RH  is  for  garnets  described  by  Reid  and  Hanor  (1970) ;  field  MB  is  for  garnet  inclu- 
sions in  diamonds  described  by  Meyer  and  Boyd  (1972). 
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distinctive  in  having  an  intermediate 
Ti02  content  but  a  very  low  Cr203  con- 
tent. Two  garnet-ilmenite  pairs  from  the 
Excelsior  pipe  are  described  elsewhere  in 
this  report  by  Boyd  and  Dawson,  and 
their  compositional  relations  are  very 
similar  to  the  Thaba  Putsoa  specimen. 
Further  studies  may  show  that  the 
garnets  that  have  crystallized  with 
ilmenite  in  kimberlites  have  distinctive 


compositions,  as  do  the  pyroxenes  that 
have  crystallized  with  ilmenite  (Fig.  3). 
Compositions  of  garnets  from  a  num- 
ber of  other  pipes  in  Lesotho  are  shown 
in  Fig.  7.  These  are  all  similar  to  the 
garnets  from  the  sheared  ultramafic  nod- 
ules, discrete  nodules,  and  griquaites  at 
Thaba  Putsoa.  Absence  of  chrome 
pyropes  in  this  group  is  due  to  a  com- 
bination of  accidents  of  collection  and 


CHROMITES 


•     ULTRAMAFIC    NODULES 
THABA    PUTSOA 
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Fig.  8.  Compositions  of  chromites  from  granular  ultramafic  nodules,  Thaba  Putsoa,  and  from 
concentrate,  Qaqa,  projected  onto  two  faces  of  the  chromite  triangular  prism.  Compositions  of 
chromite  inclusions  in  diamond  are  after  Meyer  and  Boyd  (1972). 
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preservation  and  should  not  be  taken  as 
an  indication  that  the  chrome-rich,  ul- 
tramafic  suite  does  not  occur  in  these 
pipes.  Coherent  garnet  lherzolite  nodules 
have  not  yet  been  found  in  some  of  these 
kimberlites  (e.g.,  Solane  and  Blow  13), 
and  hence  the  mineral  associations  are 
not  known  as  they  are  for  Thaba  Putsoa. 

The  data  in  Figs.  5  and  7  show  that 
these  garnets  are  compositionally  dis- 
tinct from  the  garnet  inclusions  in  dia- 
mond described  by  Meyer  and  Boyd 
(1972)  and  confirm  this  relation  as 
noted  by  them.  These  garnet  inclusions 
are  predominantly  chrome-rich  pyropes 
that  are  poor  in  Ti,  and  in  these  respects 
they  are  similar  to  the  garnets  from  the 
granular  ultramafic  nodules;  however, 
the  Ca  content  of  the  garnet  inclusions  is 
much  lower  than  that  of  the  chrome 
pyropes  from  Thaba  Putsoa. 

Chromites  that  appear  to  be  primary 
are  found  in  most  of  the  granular  ultra- 
mafic  nodules.  Compositions  of  chromites 
from  a  number  of  these  nodules  are 
plotted  in  portions  of  two  faces  of  the 
familiar  tetragonal  prism  (e.g.,  Irvine, 
1967)  in  Fig.  8.  These  chromites  are  rich 
in  Cr  and  Mg  but  contain  very  little  Ti. 
However,  they  are  notably  poorer  in  Cr 
than  the  chromite  inclusions  in  diamond 
described  by  Meyer  and  Boyd  (1972; 
Fig.  8). 

Discussion 

It  is  a  fascinating  problem  to  attempt 
to  understand  the  relationships  between 
the  different  varieties  of  nodules  discov- 
ered at  Thaba  Putsoa  and  to  understand 
their  relationships  to  the  kimberlite  in 
which  they  are  found.  Nixon,  von  Knor- 
ring,  and  Rooke  (1963)  noted  chemical 
and  textural  differences  between  min- 
erals of  the  chrome-rich  garnet  lherzolite 
nodules  and  the  discrete  nodules,  arguing 
that  the  former  were  xenoliths  of  mantle 
rock  and  that  the  latter  were  cognate 
with  the  kimberlite.  Insufficient  samples 
and  analyses  were  available  in  1963  to 
permit    identification    of    the    suite    of 


sheared  ultramafic  nodules  described  in 
this  article. 

The  granular  garnet  lherzolite  nodules 
are  more  refractory  in  the  chemical  sense 
than  are  the  sheared  nodules.  The  for- 
mer usually  contain  Cr-rich  chromite,  a 
phase  that  characteristically  precipitates 
early  in  the  crystallization  of  mafic  and 
ultramafic  rocks  (e.g.,  Irvine,  1967). 
However,  chromite  is  absent  altogether 
in  the  sheared  nodules.  The  garnets  and 
pyroxenes  of  the  granular  nodules  are 
slightly  richer  in  Mg  than  those  in  the 
sheared  nodules  (e.g.,  Figs.  3  and  5). 
Chromium  has  also  been  concentrated  in 
the  garnets  and  pyroxenes  in  the  granu- 
lar nodules  relative  to  those  in  the 
sheared  nodules.  Moreover,  the  garnets, 
pyroxenes,  and  chromites  in  the  granular 
nodules  are  strongly  depleted  in  tita- 
nium, an  element  that  becomes  concen- 
trated in  the  liquid  in  the  crystallization 
of  ultramafic  systems  (e.g.,  Kushiro 
et  al.,  1972). 

Both  the  granular  nodules  and  the 
sheared  nodules  contain  enstatite,  so  the 
pyroxene  solvus  can  be  applied.  The 
granular  nodules  were  equilibrated  in  the 
temperature  range  900°— 1100° C,  and 
the  sheared  nodules  were  equilibrated  in 
the  range  1300°-1400°C  (Fig.  3). 
Clearly  it  would  be  difficult  to  derive  a 
suite  of  garnet  lherzolites  equilibrated 
at  1300°-1400°C  by  fractionation  of 
lherzolites  equilibrated  at  900°-1100°C 
in  a  single  igneous  event. 

It  is  possible  that  the  chrome-rich, 
granular  ultramafic  nodules  found  at 
Thaba  Putsoa  and  in  many  other  kim- 
berlites are  xenoliths  of  relatively  cool 
mantle  rocks  that  have  been  depleted  in 
their  more  fusible  constituents  in  igne- 
ous events  predating  the  eruption  of  the 
kimberlite  and  that  they  had  cooled  to 
temperatures  in  the  range  900°— 1100°C 
at  the  time  they  were  incorporated  in 
kimberlite. 

Close  similarities  in  the  chemical  com- 
positions of  the  garnets  and  pyroxenes  in 
the  sheared  ultramafic  nodules,  the  dis- 
crete garnet  and  pyroxene  nodules,  and 
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the  griquaites  imply  a  common  origin. 
Taken  together,  the  garnets  in  the 
sheared  nodules  and  discrete  nodules 
show  a  substantial  range  in  Mg/(Mg  -4- 
Fe)  at  relatively  constant  Ca  (Figs.  5 
and  7),  a  relationship  that  is  especially 
evident  if  the  data  of  Boyd  and  Dawson 
(this  report)  and  of  Reid  and  Hanor 
(1970)  are  also  considered.  This  large 
range  in  Fe  enrichment  is  most  readily 
and  plausibly  interpreted  as  an  igneous 
fractionation  series.  Nevertheless  it  is  a 
problem  to  be  sure  whether  the  frac- 
tionation has  taken  place  in  conjunction 
with  the  generation  of  the  kimberlite  or 
in  igneous  events  prior  to  the  formation 
of  the  kimberlite. 

Two  textural  relations  that  appear 
likely  to  have  genetic  significance  are 
the  characteristic  mylonitization  of  the 
sheared  nodules  at  Thaba  Putsoa  and 
the  fact  that  the  discrete  nodules  from 
many  pipes  tend  to  form  large  single 
crystals.  This  quality  has  led  some 
authors  to  identify  them  as  phenocrysts 
(e.g.,  Nixon,  von  Knorring,  and  Rooke, 
1963;  Mitchell,  1970). 

There  are  many  chemical  similarities 
between  the  principal  varieties  of  gar- 
nets and  chromites  included  in  diamonds 
and  those  of  the  chrome-rich  ultramafic 
nodules.  There  are  also  some  consistent 
differences,  which  may  be  due  to  crystal- 
liquid  equilibria  (Meyer  and  Boyd, 
1972).  It  is  also  noteworthy  that  the 
occurrence  of  ilmenite  as  an  inclusion  in 
diamond  has  not  been  established  (e.g., 
Harris,  1968) .  If  the  chrome-rich  garnet 
lherzolite  nodules  are  xenoliths  of  mantle 
rock  accidentally  included  in  kimberlite 
as  suggested  above,  then  it  appears  that 
the  diamonds  are  also  accidental  in- 
clusions. 

Kimberlite  Garnets  and  Pyroxene- 
Ilmenite  Intergrowths 

F .  R.  Boyd  and  J.  B.  Dawson* 

Intergrowths  of  lamellar  ilmenite  in 
large   single  crystals  of   pyroxene   have 

*  University  of  Saint  Andrews,  Fife,  Scotland. 


been  found  in  abundance  in  the  kimber- 
lite of  the  Monastery  pipe  in  the  Orange 
Free  State.  It  has  been  speculated  that 
these  might  have  originated  by  the 
breakdown  of  a  high-pressure  phase 
(Dawson  and  Reid,  1970;  Ringwood  and 
Lovering,  1970)  or  through  eutectoid 
crystallization  (Williams,  1932;  Mac- 
Gregor  and  Wittkopp,  1970).  Both 
enstatite-ilmenite  and  diopside-ilmenite 
intergrowths  have  been  described,  al- 
though the  latter  are  much  more  abun- 
dant. Intergrowths  of  this  type  have 
been  found  in  a  number  of  kimberlite 
pipes  other  than  Monastery,  i.e.,  the 
Frank  Smith  pipe,  South  Africa  (Wil- 
liams, 1932,  p.  376),  the  Uintjes  Berg 
and  Sonop  pipes,  South  Africa  (described 
below),  the  Mir  pipe,  Yakutia  (Frant- 
sesson,  1970) ,  and  the  Stockdale  pipe, 
Kansas  (Brookins,  1971). 

Coarse  single  crystals  of  garnet  up  to 
18  cm  in  their  largest  dimension  are 
found  in  the  Monastery  and  Frank  Smith 
kimberlites,  accompanying  the  pyroxene- 
ilmenite  intergrowths,  and  coarse  ortho- 
pyroxene  crystals  are  also  found  at 
Monastery.  The  garnets  analyzed  in  the 
present  study  from  the  Monastery, 
Frank  Smith,  and  Excelsior  mines  are  up 
to  5  cm  in  diameter,  and  the  enstatites 
from  Monastery  are  up  to  3  cm  in  diam- 
eter. The  fact  that  the  intergrowths  and 
monomineralic  nodules  of  garnet  and 
enstatite  are  all  unusually  coarse  grained 
suggests  the  possibility  that  they  are 
related  in  origin. 

Twenty-two  garnet  crystals  from  the 
Monastery,  Frank  Smith,  and  Excelsior 
pipes  have  been  analyzed  by  methods 
described  by  Finger  and  Hadidiacos 
(this  report)  and  by  Boyd  and  Nixon 
(this  report).  All  but  one,  a  specimen 
(1824/5)  from  the  Excelsior  pipe,  are 
chrome-poor  pyropes,  a  variety  of  kim- 
berlite garnet  that  is  chemically  distinct 
from  the  chrome-rich  pyropes  charac- 
teristically associated  with  chrome  diop- 
side  and  chromite  in  garnet  lherzolite 
nodules.  These  chrome-poor  pyropes 
show  a  range  of  16—28  mole  %  Fe,  where 
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Fe  +  Mg  +  Ca  =  100  (Fig.  9).  Cr203 
is  predominantly  less  than  1.5  wt  %,  and 
they  contain  substantial  Ti02,  in  the 
range  0.5-1.5  wt  %  (Fig.  10).  Typical 
analyses  are  given  in  Table  10.  They 
appear  similar  to  many  of  the  garnets 
from  the  Kimberley  pipes  described  by 
Reid  and  Hanor  (1970;  Fig.  9).  Also 
they  are  similar  to  low-Cr  pyropes  that 
occur  as  isolated  megacrysts  in  the 
basanitic  breccia  of  the  Elie  Ness  vent, 
Fife,  Scotland  (Heddle,  1901;  Colvine, 
1968)  and  in  melanephilinite  breccias 
at  Kakanui,  New  Zealand  (Mason, 
1966;  Dickey,  1968). 

Two  of  the  Excelsior  garnets  are  from 
nodules  that  also  contain  ilmenite. 
Analyses  of  these  garnets  and  the  co- 
existing ilmenites  are  given  in  Table  11, 
and  they  are  very  similar  to  an  ilmenite- 
garnet  pair  described  by  Boyd  and 
Nixon  (this  report) .  The  garnets  that 
are  known  to  have  crystallized  with 
ilmenite  show  especially  low  Cr203,  and 
additional  data  may  show  this  feature  to 
be  distinctive.  Otherwise  the  garnets 
from     ilmenite-garnet     nodules     appear 


very  similar  to  the  general  class  of 
chrome-poor  pyropes  from  many  kim- 
berlite  pipes. 

One  of  the  garnets  from  the  Excelsior 
pipe  (1824/5,  Table  10)  is  markedly 
different  in  composition,  being  a  chrome- 
rich  pyrope  with  8.5%  Cr203.  This 
garnet  is  lilac-purple  in  color  and  con- 
stitutes a  rounded  nodule,  2  cm  in  diam- 
eter. Minor  intergrowths  of  altered 
olivine  (?)  or  orthopyroxene  (?)  suggest 
an  ultramafic  parentage,  although  the 
garnet  is  more  coarse  grained  than  those 
normally  found  in  peridotites.  The 
specimen  has  a  composition  comparable 
to  the  garnet  inclusions  in  diamond 
(Meyer  and  Boyd,  1972;  Fig.  9)  and 
thus  forms  a  link  between  the  diamond 
inclusions  and  the  nodules  in  kimberlite. 

Three  of  the  coarse-grained  enstatite 
nodules  from  the  Monastery  kimberlite 
have  been  analyzed,  and  a  representative 
analysis  is  given  in  Table  10.  These 
large  enstatite  crystals  are  similar  to 
each  other  and  are  slightly  more  Fe-rich 
(11-12  mole  %  FeSi03)  than  enstatites 
from  garnet  Jherzolite  nodules  (7  mole  % 
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O  MONASTERY 
A  FRANK  SMITH 
D  EXCELSIOR 


Atomic   per  cent 


Fig.  9.  Compositions  of  21  large  single  crystals  of  pyrope  from  the  Monastery,  Excelsior,  and 
Frank  Smith  mines.  Two  of  the  Excelsior  garnets  are  intergrown  with  ilmenite,  and  these  are 
shown  as  solid  squares.  The  field  labeled  RH  is  for  garnets  described  by  Reid  and  Hanor  (1970) 
and  the  field  labeled  MB  is  for  garnet  inclusions  in  diamond  described  by  Meyer  and  Boyd 
(1972). 
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Fig.  10.   Histograms  for  Cr203  and  Ti02  analyses  in  the  Monastery,  Frank  Smith,  and  Excel- 
sior garnets. 
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TABLE  10.  Electron  Probe  Analyses  of  Coarse  Garnet  and  Enstatite  Crystals  from  the 
Monastery,  Frank  Smith,  and  Excelsior  Pipes 


Monastery 

Frank  Smith 

Excelsior 

Garnet 

Enstatite 

Garnet 

Garnet 

Garnet 

Garnet 

(1412/6) 

(1412/10) 

(1793/2) 

(1793/3) 

(1824/3) 

(1824/5) 

Si02 

42.3 

57.8 

41.3 

41.6 

42.1 

41.7 

Ti02 

1.2 

0.2 

0.5 

1.1 

1.0 

<0.05 

AI2O3 

21.4 

1.3 

22.1 

20.4 

20.8 

17.7 

Cr203 

0.6 

0.1 

0.1 

2.0 

1.3 

8.5 

FeO* 

10.7 

7.4 

12.2 

9.0 

9.3 

6.2 

MnO 

0.3 

0.1 

0.4 

0.3 

0.3 

0.4 

MgO 

19.9 

32.7 

18.8 

20.6 

20.6 

22.8 

CaO 

4.4 

1.4 

4.4 

4.9 

4.7 

2.4 

Na20 

0.10±0.01 

0.3 

<0.05 

0.07 

0.07 

<0.05 

Totals 

100.9 

101.3 

99.8 

100.0 

100.2 

99.7 

Number  of  Cations  ( X 1000)  for  n  Oxygens 

n  =  12 

n  =  6 

n  =  12 

n  =  12 

n  =  12 

n  =  12 

Si 

3007] 

19791 

29911 

2984) 

3008] 

2996] 

Ti 

66 

5 

28 

58 

52 

2 

Al 

1793 

54 

1881 

1727 

1756 

1502 

Cr 

35 

3 

8 

114 

72 

483 

Fe2+* 

636 

8021 

212 

3996 

737 

^8039 

543 

^8043 

558 

8033 

374 

8009 

Mn 

19 

4 

26 

19 

18 

25 

Mg 

2112 

1668 

2022 

2208 

2197 

2443 

Ca 

339 

52 

340 

380 

362 

183 

Na 

14 

19 

6 

10 

10 

1 

*  Total  Fe  as  FeO  and  Fe2+. 


FeSi03;  e.g.,  Nixon,  von  Knorring,  and 
Rooke,  1963) . 

Analytical  data  for  a  diopside-ilmenite 
intergrowth  from  the  Uintjes  Berg  pipe 
and  a  similar  nodule  from  Sonop,  in 
which  the  pyroxene  is  replaced  by  ser- 
pentine, are  also  given  in  Table  11.  These 
are  new  localities  for  such  intergrowths. 
The  ilmenites  in  these  two  nodules  and 
the  diopside  in  the  Uintjes  Berg  nodule 
are  remarkably  similar  in  composition  to 
the  ilmenite  and  diopside  in  the  well- 
known  intergrowths  from  the  Monastery 
pipe  (Boyd,  Year  Book  70;  Dawson  and 
Reid,  1970;  Ringwood  and  Lovering, 
1970) ,  despite  the  fact  that  the  Sonop 
and  Uintjes  Berg  pipes  are  separated  by 
several  hundred  miles  and  lie  com- 
parable distances  to  the  west  of  Mon- 
astery. 

Compositions  of  the  large,  single 
crystals  of  garnet,  enstatite,  and  inter- 
grown  pyroxene  and  ilmenite  found  as 


nodules  in  the  Monastery  and  other  kim- 
berlites  appear  compatible  in  a  broad 
sense.  It  is  possible  that  the  range  in 
Mg/(Mg  -f  Fe)  in  the  garnets  reflects 
an  igneous  differentiation  (Boyd  and 
Nixon,  this  report) .  It  is  not  at  present 
understood  whether  the  postulated  igne- 
ous differentiation  took  place  prior  to 
the  generation  of  the  kimberlite  or  as  a 
part  of  the  process  of  kimberlite  forma- 
tion. Hence,  these  nodules  could  be 
xenocrysts  from  extraordinarily  coarse- 
grained rocks  or  phenocrysts  from 
magmas. 

These  occurrences  are  perhaps  anal- 
ogous to  the  one  at  Kakanui,  where 
White,  Chappell,  and  Jakes  (1972)  sug- 
gest that  there  is  a  fractionation  trend 
from  the  isolated  pyrope  megacrysts  to 
more  Fe-rich  garnets  found  in  eclogite 
nodules  in  the  breccias.  Bultitude  and 
Green  (1971)  have  synthesized  garnets  in 
partially     melted     picritic     nephelinites 
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and  basanites  that  have  Ca:Mg:Fe 
ratios  similar  to  those  in  garnets  ana- 
lyzed in  this  study.  Their  synthetic 
garnets  coexist  with  highly  aluminous 
pyroxenes  (7-10  wt  %  A1203)  in  con- 
trast to  the  Al-poor  pyroxenes  in  kim- 
berlites.  Nevertheless,  their  results  are 
evidence  of  garnets  in  this  composition 
range  forming  in  ultramafic  melts. 

Partitioning  of  Ti  and  Al  between 
Pyroxenes,  Garnets,  and  Oxides 

Jagannadham  Akella  and  F.  R.  Boyd 

Compositions  of  the  lavas  collected  in 
the  Apollo  missions  and  the  low  density 
of  the  moon  suggest  that  the  interior  of 
the  moon  is  composed  largely  of  ultra- 
mafic  rocks,  rich  in  pyroxene  and  per- 
haps olivine.  Because  the  lavas  are  most 
probably  derived  from  the  ultramafic 
rocks  by  some  process  involving  partial 
melting  or  fractional  crystallization,  it  is 
clear,  that  the  primary,  undifferentiated 
lunar  mantle  must  contain  appreciable 
concentrations  of  aluminum  and  tita- 
nium. Both  aluminum  and  titanium  are 
soluble  in  limited  amounts  in  pyroxene. 
If  their  concentrations  in  pyroxene  ex- 
ceed their  solubility  limits,  denser  phases 
such  as  garnet,  spinel,  and  ilmenite  will 
form.  Nevertheless,  the  amounts  of  such 
denser  phases  that  could  be  present  in 
the  moon's  interior  are  severely  limited 
by  its  relatively  low  density  (c/.  Ring- 
wood,  1970). 

Construction  of  detailed  lunar  models 
that  are  consistent  with  the  rapidly  in- 
creasing geochemical  and  geophysical 
constraints  is  hampered  by  the  lack  of 
knowledge  of  the  partitioning  of  Al  and 
Ti  between  low-density  pyroxene  on  the 
one  hand  and  high-density  garnet,  spinel, 
and  ilmenite  on  the  other.  The  aim  of 
this  investigation  is  to  provide  such  data 
by  crystallizing  pyroxenes  together  with 
ilmenite  and  garnet,  or  other  aluminous 
minerals,  over  a  range  of  pressures  and 
temperatures  and  analyzing  the  coexist- 
ing phases  with  an  electron  probe.    Pre- 


liminary data  for  the  pressure  range 
15-40  kb  (=  lunar  depths  of  about 
300-800  km)  at  temperatures  of  1050° 
and  1100°C  are  presented  in  this  report; 
additional  studies  at  lower  pressures  and 
over  a  wider  temperature  range  at  a 
variety  of  Mg/(Mg  +  Fe)  ratios  are 
under  way. 

In  carrying  out  experiments  such  as 
these  it  is  helpful  to  choose  compositions 
containing  the  least  number  of  com- 
ponents required  to  model  the  desired 
assemblages.  Because  the  solubilities  of 
Al  and  Ti  in  pyroxenes  are  linked  by  the 
substitution  (Ti4+)VI  +  2A1IV  for 
(R2+)VI  +  2Si  (Verhoogen,  1962),  it  is 
essential  to  determine  their  solubility 
limits  in  combined  form.  Moreover, 
earlier  studies  of  silicate  systems  con- 
taining Ti  (e.g.,  Yagi  and  Onuma,  1967; 
Onuma,  Hijikata,  and  Yagi,  1968)  indi- 
cate that  the  desired  equilibria  cannot 
be  modeled  in  the  absence  of  iron.  Hence, 
bulk  compositions  with  the  components 
MgO,  FeO,  CaO,  Ti02,  A1203,  and  Si02 
have  been  chosen.  Initially,  the  compo- 
sition 90  Wo25Fs3oEn45  +  10  CaAl2Ti06 
(mole  %)  was  selected.  However,  it  was 
found  desirable  to  add  excess  Si02  to  this 
composition  to  reduce  the  amount  of  oli- 
vine formed  and  increase  the  proportion 
of  rhombic  enstatite  in  the  run  products. 

In  many  experimental  studies  it  is  a 
major  problem  to  crystallize  phase  as- 
semblages with  a  grain  size  in  excess  of 
10  /mi  so  that  the  constituent  phases  can 
be  readily  analyzed  with  an  electron 
probe.  In  these  experiments  H20  was 
used  as  a  flux,  but  thus  far  the  required 
grain  size  has  been  successfully  produced 
only  in  runs  in  which  some  silicate  liquid 
was  present.  Addition  of  excess  silica 
helped  in  this  respect  because  it  increases 
the  temperature  range  over  which  the 
desired  phases  coexist  with  liquid. 

Increase  in  the  activity  of  silica  in  the 
liquid  phase  inhibits  the  substitution  of 
Al  and  Ti  in  pyroxenes  (Kushiro,  1960; 
Verhoogen,  1962).  Hence,  it  is  possible 
that  addition  of  silica  to  the  bulk  com- 
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position  used  has  reduced  the  concentra- 
tions of  Al  and  Ti  in  the  pyroxenes  below 
the  maximum  values  for  a  given  pressure 
and  temperature.  Nevertheless,  prelimi- 
nary data  for  clinopyroxene  crystallized 
in  a  run  with  the  original  unsaturated 
composition  gave  values  for  TiC>2  and 
A1203  that  are  quite  comparable  with 
those  obtained  with  the  oversaturated 
composition.  Perhaps  the  influence  of 
silica  activity  on  these  substitutions  is 
reduced  at  high  pressure. 

These  experiments  were  conducted  in 
a  piston-cylinder  apparatus  (Boyd  and 
England,  1960)  with  pressure  assemblies 
similar  to  those  used  by  Akella  and 
Kennedy  (1971).  Pure  iron  capsules 
were  used  to  hold  the  experimental 
charges,  and  the  presence  of  metallic  Fe 
maintained  the  oxygen  fugacity  at  a 
level  comparable  to  that  present  during 
the  crystallization  of  lunar  rocks.  There 
is  evidence  for  the  presence  of  small 
amounts  of  ferric  iron  in  the  ilmenites 
produced  in  these  runs,  but  the  presence 
of  Fe3+  was  not  evident  in  the  pyroxenes 
and  garnets   (Tables  12  and  13). 

Oxidation  of  the  iron  capsules  in  runs 
in  which  H20  was  added  caused  consid- 
erable addition  of  FeO  to  the  samples. 
The  effects  of  this  process  can  be  noted 
by  comparing  the  Mg/(Mg  +  Fe)  ratio 
of  the  starting  compositions  (0.6)  with 
the  Mg/(Mg  -f-  Fe)  ratios  of  the  phases 
analyzed  in  the  run  products.  The  latter 
are  predominantly  more  Fe-rich  than  0.6 
(Tables  12  and  13).  The  amount  of  iron 
picked  up  by  the  samples  during  an 
experiment  was  reduced  by  lining  the 
capsules  with  Ag7oPd30  foil.  Equilibrium 
with  metallic  Fe  was  maintained  in  spite 
of  the  foil  because  the  silicate  charges 
typically  contained  small  globules  of  iron. 

It  is  believed  that  the  samples  ana- 
lyzed represent  a  close  approach  to  equi- 
librium, in  spite  of  the  fact  that  the  bulk 
composition  was  changing  at  least  in  the 
early  stages  of  a  run.  Results  for  a  given 
phase  assemblage  are  found  to  be  re- 
producible in  a  number  of  runs.    More- 


over ±  10  grains  of  each  phase  in  each 
run  were  generally  analyzed,  and  the 
variations  in  composition  from  grain  to 
grain  are  small.  These  variations  are 
shown  in  Tables  12  and  13  by  standard 
deviations  listed  for  each  element  in  each 
phase. 

In  the  pressure  range  15-25  kb  the 
assemblage  obtained  in  these  experi- 
ments is  augite  +  hypersthene  +  garnet 
-f-  ilmenite  +  liquid  and  metallic  Fe 
(assemblage  A).  At  higher  pressures  in 
the  range  30-40  kb  the  ilmenite  is  re- 
placed by  rutile  (assemblage  B).  The 
ilmenite-bearing  assemblage  and  rutile- 
bearing  assemblage  are  not  related  to 
one  another  in  a  simple  way  by  a 
subsolidus  phase  transformation.  The 
transition  is  more  complex  in  that  it 
apparently  involves  the  liquid  phase  and 
it  may  involve  differential  oxidation  and 
solution  of  iron  from  the  capsule. 

Compositions  of  Ca-rich  and  Ca-poor 
pyroxenes  obtained  in  a  number  of  runs 
are  plotted  in  the  pyroxene  quadrilateral 
in  Fig.  11,  where  they  are  compared  with 
the  Skaergaard  trend  (Wager  and  Brown, 
1968)  and  a  pyroxene  pair  in  a  pyroxene- 
olivine-ilmenite  nodule  from  the  Mat- 
soku  kimberlite  pipe.  Comparison  of 
the  synthetic  pyroxenes  with  natural 
pyroxenes  formed  in  rapidly  cooled  lavas 
on  the  moon's  surface  is  not  useful  be- 
cause the  lunar  pyroxenes  show  many 
metastable  features.  There  are  no  sig- 
nificant differences  in  major-element 
concentrations  in  the  pyroxenes  of  ex- 
perimental assemblages  A  and  B.  The 
synthetic  augites  show  a  slightly  greater 
solid  solution  toward  Ca-poor  pyroxene 
than  do  Skaergaard  pyroxenes  of  com- 
parable Mg/(Mg  -f-  Fe)  ratio.  Possibly 
the  equilibration  temperature  for  the 
synthetic  pyroxenes  (1050°-1100°C) 
was  slightly  higher  than  for  the  com- 
parable Skaergaard  pyroxenes;  alterna- 
tively, differential  amounts  of  minor  ions 
such  as  Fe3+  or  Cr  or  both  might  be 
responsible  for  this  difference.  The  Ca 
values  used  in  this  plot  were  not  cor- 
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TABLE  12.  Assemblage  A:  Analyses  of  Coexisting  Phases  in  a  Run  at  1050CC  and  25  kb 


Phase 

Clinopyroxene 

Orthopyroxene 

Garnet 

Ilmenite 

Si02 

50.5             0.6* 

51.2 

04 

39.4 

04 

0.5             0.2 

Ti02 

1.5              0.3 

0.2 

0.2 

1.4 

04 

50.8             0.8 

A1203 

2.7              0.7 

1.5 

0.2 

20.6 

0.6 

0.4             0.05 

Fe203 

2.7$ 

FeO 

14.9$            0.7 

25.1$ 

1.1 

22.0$ 

1.0 

42.0             0.2 

MgO 

13.6             0.5 

19.5 

0.5 

9.2 

0.7 

2.1              0.1 

CaO 

15.8             0.7 

1.8 

0.6 

7.3 

0.6 

0.5             0.1 

Totals 

99.0 

99.3 

99.9 

99.0 

0  =  6 

0  =  6 

O  =  12 

0  =  3 

Si 
Al 

1.9231 
0.0771 
0.045 

>2.000 

1.954) 
0.0461 
0.018 

2.000 

3.005  j3005 

0.014        ) 
0.012 

Al 

1.8541,  nr 

Ti 

0.042 

0.006 

0.0801 

0.955 

2.000§ 

Fe 

Mg 

0.473 
0.771 

1.974 

0.800 
1.109 

2.004 

1.405' 
1.050 

3.051 

0.879  (2+) 
0.050  (3+) 
0.077 

Ca 

0.643J 

0.071J 

0.596, 

0.013 

Ca 

34.1  (32.5)|| 

3.6 

19.5 

Ilm     =  89.6 

Mg 

40.8  (41.8) 

56.0 

34.4 

Geik  =     7.8 

Fe 

25.1  (25.6) 

40.4 

46.1 

Hem  =     2.6 

Mg/(Mg  +  Fe) 

0.62 

0.58 

0.43 

0.08 

*  Numbers  in  italics  are  standard  deviations  for  analyses  of  a  number  of  grains. 

t  Calculated  from  total  Fe  and  from  structural  formula. 

t  Total  Fe  as  FeO  or  Fe2+. 

§  Cation  total  normalized  in  the  course  of  Fe3+  calculation. 

j  I  Values  in  parentheses  obtained  after  correcting  for  CaTiALOe  and  CaAl2SiOe. 


TABLE  13.  Assemblage  B:  Analyses  of  Coexisting  Phases  in  a  Run  at  1100°C  and  40  kb 


Phase 


Clinopyroxene 


Orthopyroxene 


Garnet 


Rutile 


Si02 

51.7 

04* 

52.8 

0.6 

39.4             0.8 

0.7 

0.07 

Ti02 

0.5 

0.3 

0.4 

0.2 

1.5             0.2 

94.0 

2.1 

A1203 

1.5 

0.5 

1.3 

04 

19.7              0.5 

0.9 

0.06 

FeO 

12.6$ 

0.5 

21.2$ 

0.6 

21.6$            0.7 

2.7$ 

14 

MgO 

14.7 

0.5 

21.6 

0.9 

9.3              0.5 

0.2 

0.05 

CaO 

17.6 

0.5 

1.7 

04 

7.4             0.7 

0.6 

0.02 

Totals 

98.6 

0  =  6 

99.0 

0  =  6 

98.9 

O  =  12 

99.1 

Si 
Al 

1.960) 
0.040, 
0.028< 

>2.000 

1.9751.-,  qqq 
0.025/ZUUU 

3-036}3.036 

Al 

0.032 

0.085r-8/S 

Ti 

0.015 

0.012 

Fe 

0.401 

^1.992 

0.665  jd. 985 

1.390 

Mg 

0.834 

1.2061 
0.070J 

1.067^3.068 

Ca 

0.714J 

0.611J 

Ca 

36.7 

3.6 

19.9 

Mg 

42.8 

62.2 

34.8 

Fe 

20.6 

34.3 

45.3 

Mg/(Mg  +  Fe) 

0.68 

0.65 

0.43 

*  Numbers  in  italics  are  standard  deviations  for  analyses  of  a  number  of  grains. 
$  Total  Fe  as  FeO  or  Fe2+. 
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Atomic    per     cent 

Fig.  11.   Analyses  of  experimental  and  natural  pyroxene  pairs  plotted  in  pyroxene  quadrilateral. 
Skaergaard  trend  from  Wager  and  Brown  (1968).  For  analyses  of  Matsoku  pyroxenes  see  Table  14. 


rected  for  CaTiAl206  and  CaAl2Si06; 
had  this  been  done  the  points  shown 
would  be  shifted  to  a  slightly  lower  Ca 
range.  The  synthetic  Ca-poor  pyroxenes 
are  orthorhombic  enstatite,  and  they  plot 
on  an  extension  of  the  Skaergaard  trend 
for  orthorhombic  enstatite,  at  lower  Ca 
concentrations  than  the  Skaergaard 
pigeonites.  Probably  this  difference  is 
caused  by  a  higher  pressure  of  equili- 
bration in  these  experiments  than  was 
present  during  the  crystallization  of  the 
Skaergaard  intrusion. 

Ti02  in  the  synthetic  orthorhombic 
pyroxenes  is  low  (0.2-0.5  wt  %)  in  both 
assemblages  A  and  B  (Tables  12  and 
13) ,  but  there  appears  to  be  a  significant 
difference  in  the  synthetic  augites  from 
the  two  assemblages.  Ti02  in  the  augites 
that  have  crystallized  with  ilmenite  is  in 
the  range  0.9—1.5  wt  %,  whereas  in  the 
augites  in  the  rutile-bearing  assemblage 
the  range  for  Ti02  is  0.4-0.5  wt  %. 
Values  for  typical  runs  are  shown  in 
Tables  12  and  13.  Atomic  proportions 
for  Ti  and  Al  in  these  pyroxenes  are 
plotted  in  Fig.  12,  where  it  can  be  seen 
that  the  proportion  of  Al  is  more  than 
twice  the  proportion  of  Ti.    Thus  there 


is  a  small  Tschermak  component  in  all 
these  pyroxenes,  but  its  value  is  low,  as 
would  be  expected  from  the  relatively 
low  temperatures  and  the  equilibration 
with  garnet  (e.g.,  Boyd,  1970). 

Table  14  shows  analyses  of  Ca-rich  and 
Ca-poor  pyroxenes  and  garnet  that  have 
crystallized  with  ilmenite  in  kimberlite 
nodules.  The  garnet-ilmenite  assem- 
blage and  the  pyroxene-ilmenite  assem- 
blage are  from  different  localities. 
Nevertheless,  the  ilmenites  in  the  two 
nodules  are  very  similar  in  composition, 
and  for  reasons  discussed  by  Boyd  and 
Nixon  elsewhere  in  this  report  it  is 
probable  that  these  nodules  are  from  a 
common  suite.  Ti02  and  A1203  concen- 
trations in  synthetic  pyroxenes  are  simi- 
lar to  those  in  the  nodule  pyroxenes, 
except  that  the  natural  diopside  has 
higher  A1203  because  of  solid  solution 
toward  jadeite. 

The  Ti02  content  of  the  synthetic 
garnets  is  about  1.5  wt  %  in  both  as- 
semblages A  and  B  (Tables  12  and  13), 
a  low  value  comparable  to  the  Ti02  con- 
tent of  the  garnet  in  the  garnet-ilmenite 
nodule  from  the  Excelsior  pipe  (0.9  wt 
%,  Table  14).    There  is  a  deficiency  in 
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Fig.  12.   Atomic  proportions  of  Al  and  Ti  in  synthetic  pyroxenes. 


the  sum  of  Al  +  Ti  in  the  synthetic 
garnets  that  is  approximately  balanced 
by  a  surplus  in  the  sum  of  divalent  ions. 
Geller,  Miller,  and  Treuting  (1960)  have 
shown  from  studies  of  germanate  garnets 
that  trivalent  cations  (Fe3+,  Al)  can  be 
replaced  by  the  couple  Ti4+  -\-  (Mg,Fe, 
Ca)2+.  Evidently  the  Ti  in  the  syn- 
thetic garnets  is  present  in  a  substitution 
of  this  type.  The  Si  is  equal  to  or 
slightly  greater  than  3.000  (Tables  12 
and  13),  and  it  is  unlikely  that  Ti  is 
present  in  tetrahedral  coordination  or 
that  small  amounts  of  Fe3+  or  Fe2+  are 
present  in  tetrahedral  coordination  as 
suggested  by  Dowty  (1971).  FeO  is  con- 
centrated in  the  garnets  relative  to  the 
pyroxenes  in  all  the  runs,  and  a  similar 
partition  is  evident  in  analyses  of  gar- 
nets and  pyroxenes  from  kimberlite 
nodules  (Table  14). 

Coexisting  garnets  and  pyroxenes  from 
the  synthetic  runs  are  graphically  repre- 
sented on  an  ACF  diagram  in  Fig.  13. 
The  corresponding  three-phase  field  re- 


ported by  Boyd  (1970)  for  the  system 
CaSiOa-MgSiOs-AlzOs  at  1200 °C  and 
30  kb  is  also  shown.  The  solid  solution 
relations  shown  by  the  garnets  and  Ca- 
poor  pyroxenes  in  these  two  experi- 
mental studies  are  similar  in  spite  of  the 
large  difference  in  Mg/(Mg  -4-  Fe)  ratio. 
Augites  obtained  in  the  present  study 
show  a  much  greater  solid  solution 
toward  Mg-rich  pyroxenes  than  in  the 
Fe-free  system.  As  discussed  before, 
this  is  largely  to  be  expected  because 
data  on  natural  pyroxenes,  such  as  those 
from  the  Skaergaard  (Fig.  11),  show 
that  the  Ca-rich  pyroxene  solvus  curves 
toward  more  Ca-poor  compositions  with 
increase  in  the  FeSi03  component. 

Analysis  of  ilmenites  in  these  runs  has 
been  a  problem  because  they  form  fine- 
scale  intergrowths  with  pyroxene  that 
are  impossible  to  distinguish  with  the 
microscope  on  the  probe.  These  analyses 
were  made  by  setting  one  spectrometer 
for  Si  and  selecting  points  that  gave 
minimum   counts   for  Si.    The  analyses 
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TABLE  14.   Analyses  of  Pyroxenes  and  Garnet  That  Have  Crystallized  with 
Ilmenite  in  Kimberlite  Nodules 


Excelsior 

(1824/6)* 

Matsoku  (1680B)f 

Garnet 

Diopside 

Enstatite 

Ilmenite 

Si02 

41.8 

54.4 

56.4 

0.09 

Ti02 

0.9 

0.6 

0.2 

55.5 

AI2O3 

21.7 

4.9 

1.0 

0.6 

Cr203 

0.2 

1.1 

0.1 

1.6 

Fe203 

2.6J 

FeO 

io!3§ 

3.8§ 

*6.6§ 

25.3J 

MnO 

0.3 

0.1- 

0.1 

0.3 

MgO 

19.9 

14.6 

34.6 

13.7 

CaO 

4.5 

16.1 

0.4 

<0.05 

Na20 

0.06 
99.7 

3.7 

0.2 

n.d.|| 

Totals 

99.3 

99.5 

99.7 

Number  of  Cations  for 

n  Oxygens 

n  =  12 

n  =  6 

n  =  6 

n  =  3 

Si 

30021 

1970] 

19591 

2 

Ti 

Al 

50 
1837 

17 
209 

4 
41 

953 
16 

Cr 

12 

32 

4 

30 

Fe'+ 
Fe2+ 

619 

8028 

115 

,4025 

192 

4022 

44 
483 

200011 

Mn 

21 

3 

4 

6 

Mg 

2135 

791 

1788 

466 

Ca 

344 

625 

16 

0 

Na 

8. 

263 

14. 

n.d.. 

Mg/(Mg  +  Fe) 

0.775 

0.873 

0.903 

0.491 

Ca 

11.1 

40.8 

0.8 

Ilm     =  49.7 

Mg 

68.9 

51.7 

89.6 

Geik  =  48.0 

Fe 

20.0 

7.5 

9.6 

Hem  =     2.3 

*  Garnet  intergrown  with  ilmenite  in  a  nodule  from  the  Excelsior  Pipe,  collected  by  J.  B. 
Dawson.  See  Boyd  and  Dawson,  this  report,  for  an  analysis  of  the  ilmenite  from  this  nodule. 

t  Minerals  from  an  olivine-diopside-enstatite-ilmenite  nodule,  Matsoku  pipe,  collected  by  P.  H. 
Nixon. 

t  Calculated  from  total  Fe  and  structure  formula. 

§  Total  Fe  as  FeO. 

1 1  Not  determined. 

II  Cation  total  normalized  in  the  course  of  Fe3+  calculation. 
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Mole    per    cent 

Fig.  13.   Analyses  of  synthetic  pyroxenes  and  garnets  plotted  on  an  ACF  mole  %  diagram  along 
with  the  three-phase  field  reported  by  Boyd  (1970)  in  the  system  CaSi03-MgSi03-Al203. 


show  on  the  order  of  0.5%  Si02,  and  it 
is  likely  that  some  of  this  is  pyroxene, 
although  some  may  be  in  solution  in  the 
ilmenite.  The  synthetic  ilmenites  contain 
7-14%  geikilite  and  apparently  a  small 
percentage  of  hematite  (Table  12) .  This 
amount  of  MgTi03  is  greater  than  that 
in  crustal  rocks  (Howie,  1955)  but  less 
than  is  commonly  found  in  ilmenites 
from  kimberlites   (Table  14). 

The  results  outlined  show  concentra- 
tions of  Ti02  and  A1203  in  pyroxenes  at 
high  pressures  that  are  comparable  with 
but  somewhat  less  than  the  values  re- 
ported by  Ringwood  (1970),  on  which  he 
based  his  model  lunar  pyroxenite.  It 
thus  seems  probable  that  an  undifferen- 
tiated lunar  pyroxenite  capable  of  yield- 
ing mare  basalts  by  partial  fusion  will 
contain  some  garnet  in  the  deep  lunar 
interior,  as  Ringwood  concluded.  More- 
over, the  data  obtained  in  the  present 
study  show  that  garnet  in  equilibrium 
with  ilmenite  or  rutile  will  dissolve  only 
about  1.5%  Ti02.  Titanium  is  concen- 
trated in  the  liquid  during  partial  fusion 
to  a  greater  degree  than  is  ferrous  iron 
(Kushiro  et  al.,  1972;  Akella  and  Boyd, 


unpublished  data) ,  but  it  seems  im- 
probable that  the  low  percentages  of 
Ti02  in  these  pyroxenes  and  garnets 
could  be  concentrated  to  the  high  frac- 
tion of  Ti02  in  a  mare  basalt  by  a  small 
degree  of  partial  melting.  It  is  likely 
that  such  a  model  lunar  pyroxenite 
would  contain  some  ilmenite. 

Partitioning  of  Chromium  and 

Aluminum  between  Clinopyroxene 

and  Spinel 

J.  S.  Dickey,  Jr.,  and  H.  S.  Yoder,  Jr. 

In  many  mafic  and  ultramafic  rocks 
chromium  and  aluminum  are  distributed 
almost  exclusively  between  pyroxenes  and 
spinels.  The  distribution  of  Cr  and  Al 
among  these  phases  varies  considerably 
in  nature  and  may  provide  information 
about  the  origins  of  these  rocks.  The 
experiments  described  below  represent  a 
first  attempt  to  observe  the  influences  of 
pressure  and  temperature  upon  the  parti- 
tioning of  Cr  and  Al  between  spinel  and 
clinopyroxene  in  the  system  CaO-MgO- 
Al203-Cr203-Si02.    The  results  to  date 
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show  that  marked  changes  in  spinel  com- 
position occur  with  changing  temperature 
above  the  solidus;  however,  little  or  no 
response  to  pressure  or  temperature  vari- 
ation was  observed  below  the  solidus. 

In  nature  the  most  common  Cr-bearing 
pyroxene  is  chromian  diopside  with 
Cr  incorporated  by  the  kosmochlor 
(NaCrSi206)  and  Cr-Ca  Tschermak's 
(CaCrAlSi06)  type  substitutions.  Kos- 
mochlor has  been  synthesized  under  a 
variety  of  conditions  (c/.  Yoder  and  Kul- 
lerud,  Year  Book  69,  p.  155) ,  whereas 
Cr-Ca  Tschermak's  molecules  (CrCaTs) 
have  not  yet  been  synthesized.  Last  year 
Dickey,  Yoder,  and  Schairer  ( Year  Book 
70,  p.  118)  reported  that  the  solubility 
limit  of  CrCaTs  in  diopside  at  1  atm  in 
air  is  about  14  wt  %  (13  mole  %) . 


Natural  spinels  are  essentially  solid 
solutions  of  the  composition  (Mg,  Fe) 
(Al,Cr,Fe)204.  In  the  Fe-free  experi- 
ments described  here  the  spinels,  too 
small  for  probe  analysis,  are  initially  as- 
sumed to  be  Mg(Al,Cr)204  solid  solu- 
tions; however,  critical  amounts  of  Ca, 
Si,  and  particularly  excess  A1203  or 
Cr203  may  be  present. 

Bulk  compositions  (in  mole  %)  were 
selected  midway  between  the  MgAl204- 
MgCr204  join  and  the  points 
Di95CrCaTsg  and  Di90CrCaTsi0  on  the 
CaMgSi206-CaCrAlSi06  join  (Fig.  14). 
In  terms  of  molar  concentrations,  com- 
positions on  the  same  plane  differ  only  in 
the  ratio  of  Cr  to  Al.  The  Cr/Al  ratios, 
projected  onto  the  spinel  join  through 
the  bulk  compositions  from  the  pyroxene 


CrCATS 


Fig.  14.   Bulk  compositions,  situated  midway  between  the  spinel  and  clinopyroxene  solid  solu- 
tions. PC,  MgCr204;  SP,  MgAl204;  CrCATS,  CaCrAlSi06;  DI,  CaMgSisOe.    Mole  %. 
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join,  are  4:1,  3:2,  2:3,  and  1:4.  Because 
these  compositions  have  exceedingly  high 
liquidus  temperatures,  gels  instead  of 
glasses  were  used  as  starting  materials 
(see  Dickey,  this  report). 

Experimental  charges  were  sealed  in 
Pt  capsules  with  about  15  to  20  wt  % 
H20,  which  served  as  a  flux.  The  color 
of  the  fluid  emitted  from  the  tubes  after 
each  run  indicated  the  amount  of  re- 
action between  Cr  in  the  charge  and  the 
Pt  vessel.  In  most  runs  the  fluid  was 
clear,  indicating  negligible  reaction;  in 
some  runs,  however,  the  fluid  was  yellow 
and  contained  chromate  ions.  This  pro- 
duction of  chromate  may  be  related  to 
alloying  of  Cr  with  Pt: 

2Cr3+  +  Pt  ->  Cr-Pt  +  Cr6+. 

The  charges  were  crystallized  for  2 
hours  to  7  days  under  pressures  of  5,  10, 
and  20  kb  and  temperatures  of  900°  to 
1250  °C.  Experiments  at  5  and  10  kb 
were  conducted  in  the  internally  heated, 
gas-media  apparatus  (Yoder,  1950)  and 
those  at  20  kb  were  conducted  in 
the  solid-media,  single-stage  apparatus 
(Boyd  and  England,  1960)  using  the 
piston-out  technique.  Two  series  of  runs 
were  made:  an  isothermal  series  at 
1100°C  and  an  isobaric  series  at  5  kb. 
Run  conditions  for  the  array  of  compo- 
sitions are  listed  in  Table  15. 


TABLE  15.    Run  Conditions  for  the  Array  of 
Bulk  Compositions  Studied 


Run  No. 

T,  °C 

P,  kb 

Time 

1 

1100 

5 

24  hr 

2 

1100 

10 

24  hr 

3 

1100 

20 

5-7  hr 

4 

900 

5 

18  hr 

5 

1150 

5 

24  hr 

6 

1100 

5 

7  days 

7 

1250 

5 

2hr 

Subsolidus  assemblages  between  5  and 
20  kb  are  dominated  by  spinels  and 
clinopyroxenes.  The  colors  of  the  crystal- 
line charges  vary  from  pink  (high  Al) 
to  brownish  green  (high  Cr).  The  pink 
charges  contain  pink  spinel  and  colorless 
clinopyroxene.  In  the  brownish  green 
charges  the  spinel  is  yellow-brown  and 
the  pyroxene  is  green. 

The  spinel  crystals  are  octahedra, 
typically  less  than  3  /xm  across.  They 
are  too  small  for  microprobe  analysis; 
therefore,  spinel  compositions  were  esti- 
mated by  measuring  the  unit  cell  and 
assuming  that  the  spinels  lie  on  the 
MgAl204-MgCro04  join.  The  relation- 
ship between  composition  and  unit  cell 
size  along  this  join  is  linear  (Warshaw 
and  Keith,  1954).  Spinel  compositions 
are  plotted  in  Figs.  15  and  16. 

Below  the  solidus  the  spinel  Cr/AI 
ratios  approximate  the  ratios  projected 
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Fig.  15.  Compositions  of  spinels,  determined  by  X-ray  diffraction,  as  a  function  of  pressure  at 
1100°C.  All  runs  below  solidus.  Numbers  refer  to  bulk  composition-run  number  (see  Fig.  14, 
Table  15). 
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Fig.  16.  Compositions  of  spinels  determined  by  X-ray  diffraction  as  a  function  of  temperature 
at  5  kb.  Open  circles:  above  solidus.  Closed  circles:  below  solidus.  Numbers  refer  to  bulk  com- 
position-run number  (see  Fig.  14,  Table  15). 


onto  the  spinel  join  from  the  bulk  com- 
positions; however,  the  observed  ratios 
are  slightly  higher  than  the  projected 
ratios.  The  size  of  this  deviation  de- 
creases with  increasing  bulk  Cr/Al 
ratio  and  is  related  to  the  amount  of 
CaAl2Si06  (CaTs)  in  the  clinopyroxene. 
With  increased  run  times  the  spinels  ap- 
pear to  shift  slightly  toward  their  lower, 
projected  Cr/Al  ratios.  For  each  bulk 
composition  below  the  solidus  no  measur- 
able variation  in  spinel  composition  was 
observed  with  varying  temperature  or 
pressure. 

At  and  above  the  solidus  all  spinels 
became  markedly  more  chromian  with 
increasing  temperature.  The  change  in 
spinel  composition,  in  fact,  appears  to  be 
a  sensitive  indicator  of  the  location  of 
the  solidus. 

The  clinopyroxenes  form  stout,  sub- 
idiomorphic  laths  (up  to  10  by  30  /mi) . 


Typically  the  clinopyroxene  crystals  en- 
close myriad  spinel  inclusions.  For  this 
reason  most  of  the  electron  microprobe 
analyses  of  clinopyroxenes  (Fig.  17) 
show  the  effects  of  spinel  contamination. 
If  a  correction  for  spinel  contamination 
is  applied,  the  pyroxenes  move  toward 
the  diopside-Ca  Tschermak's  molecule 
join.  In  Fig.  17  the  data  are  plotted  with- 
out correction  because  it  is  impossible  to 
estimate  the  amount  of  Mg(Cr,Al)204 
actually  dissolved  in  the  pyroxene.  At 
these  temperatures  (900°-1200°C) ,  how- 
ever, the  amount  of  spinel  solid  solution 
in  clinopyroxene  is  probably  small  (cf. 
Schairer  and  Kushiro,  Year  Book  64)  ■ 
All  of  the  pyroxene  compositions  can  be 
expressed,  or  very  nearly  expressed,  in 
terms  of  diopside,  enstatite,  and  Ca 
Tschermak's  molecules.  A  selection  of 
compositions  that  lie  close  to  the  diop- 
side-Tschermak's  molecule  join,  and  are 
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Ca(Cr,AI)2Si06 


(Cr^Ch, 


Mg(Cr,AI)2Si06 


CaSi03 


CaMgSi206 


MgSiOj 
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Fig.  17.  Compositions  of  clinopyroxenes  (mole  %)  formed  at  5,  10,  and  20  kb,  determined  by 
electron  microprobe  analysis.  A  is  the  projected  location  for  bulk  compositions  5,  6,  7,  and  8. 
B  is  the  projected  location  for  bulk  compositions  1,  3,  and  4.  The  projected  location  for  spinel, 
Mg(Cr,Al):04,  assuming  no  excess  (Al,Cr)203,  is  Mg(Cr,Al)2SiOo.  Numbers  refer  to  bulk  compo- 
sition-run number  (see  Fig.  14,  Table  15). 
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therefore  assumed  to  be  less  contami- 
nated by  spinel,  is  given  in  Table  16. 

Clinopyroxenes  crystallizing  from  Al- 
rich  charges  (compositions  1,  3,  and  5) 
incorporate  excess  Tschermak's  mole- 
cule. Metastable  solid  solution  of  CaTs 
in  diopside  has  been  observed  before 
(Hytonen  and  Schairer,  Year  Book  60, 
p.  139),  and  metastability  is  apparent  in 
these  experiments  also:  the  spinels  ap- 
parently change  composition  with  time, 
and  in  the  pyroxenes  the  amount  of 
excess  CaTs  and  CrCaTs  decreases  with 
increasing  run  times.  In  the  high-Al 
charges  forsterite  forms  with  the  excess 
Tschermak's  molecules, 

CaMgSi206  +  Mg(CrXlAli-»)A104-» 
Ca(Cr.^l1..)AlSiO«  +  Mg2Si04, 

and  the  bulk  compositions  lie  in  the  three- 
phase  triangle,  cpx-sp-fo.  Pyroxenes 
crystallizing  from  Cr-rich  charges  (com- 
positions 4,  7,  and  8),  however,  tend  to 


be  slightly  deficient  in  Tschermak's  com- 
ponent. Metastability  is  again  apparent 
because  the  deficiency  decreases  with 
increasing  run  times.  An  unknown  third 
phase,  suggested  by  an  as  yet  unassigned 
X-ray  diffraction  peak  {d  =  2.83  A), 
may  have  formed  in  these  high-Cr 
charges,  placing  the  bulk  compositions 
in  a  three-phase  field,  cpx-sp-X.  The 
presence  of  a  third  phase  is  not  required 
by  the  bulk  and  pyroxene  compositions, 
however,  because  the  spinel  may  contain 
excess  (Al,Cr)203  (c/.  Roy,  Roy,  and 
Osborn,  1953;  Greskovich  and  Stubican, 
1968) . 

In  these  experiments  the  distribution 
coefficient,  Kn  =  (Al/Cr)  cpx/ (Al/Cr)  sp, 
is  greater  than  1,  as  it  is  in  nature. 
Spinels  coexisting  with  clinopyroxene 
generally  have  higher  Cr/Al  ratios  than 
the  clinopyroxene.  Because  the  run  prod- 
ucts do  not  necessarily  represent  equilib- 
rium and  because  many  of  the  pyroxene 


TABLE  16.   Selected  Clinopyroxene  Analyses,  wt  %* 


1-1 

1-2 

3-3 

4-3 

4-6 

Si02 

48.0 

49.3 

51.2 

53.3 

53.8 

A1203 

11.4 

7.7 

3.0 

1.5 

1.2 

Cr203 

2.3 

1.2 

1.6 

1.5 

1.0 

MgO 

15.0 

15.3 

16.4 

17.6 

17.6 

CaO 

24.0 

25.0 
98.5 

25.3 
97.5 

25.5 
99.4 

25.7 

Totals 

100.7 

99.3 

Cations  Per  Six 

Oxygens 

Si 

1.725 

1.813 

1.907 

1.943 

1.961 

A1IV 

0.275 

0.187 

0.093 

0.057 

0.039 

A1VI 

0.208 

0.147 

0.039 

0.007 

0.013 

Cr 

0.065 

0.035 

0.047 

0.043 

0.029 

Mg 

0.803 

0.838 

0.910 

0.956 

0.955 

Ca 

0.924 

0.984 

1.009 

0.996 

1.003 

Totals 

4.001 

4.003 

4.004 

4.003 

3.999 

Molecular  Components! 

Di 

65.0 

80.1 

90.0 

94.3 

96.0 

CrCaTs 

6.5 

3.5 

4.7 

4.3 

2.9 

CaTs 

20.9 

15.0 

4.3 

1.1 

1.0 

En 

7.6 

1.4 

0.0 

0.3 

0.0 

*  Automated  electron  microprobe  analyses  (Finger  and  Hadidiacos,  this  report)  using  the  same 
standards  and  operating  conditions  throughout.  Analysis  numbers  refer  to  bulk  composition-run 
number  (see  Fig.  14,  Table  15). 

t  Normalized  to  100%.  All  analyses  fit  pyroxene  formulas  with  less  than  1%  unbalanced 
residue. 
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analyses  are  contaminated  by  spinel,  it 
is  impractical  to  assign  meaningful 
values  to  KD  or  to  describe  changes  in 
Kn  with  temperature  and  pressure  below 
the  solidus.  The  influences  of  tempera- 
ture and  pressure  below  the  solidus  may 
be  as  small  as  the  results  suggest;  how- 
ever, this  possibility  has  not  been  shown 
for  demonstrable  equilibrium  conditions. 
Above  the  solidus,  in  equilibrium  with 
liquid  and  clinopyroxene,  the  spinels 
become  more  chromian  with  increasing 
temperature,  and  because  the  amount  of 
liquid  formed  up  to  1250°C  was  small, 
it  is  likely  that  KD  increases  with  tem- 
perature above  the  solidus.  A  similar 
effect  was  noted  for  clinopyroxenes  and 
spinels  formed  above  the  solidus  on  the 
diopside-CrCaTs  join  (Dickey,  Yoder, 
and  Schairer,  Year  Book  70,  p.  118). 

The  liquid  phase  just  above  the 
solidus  contains  little  Cr.  A  mass  of 
quenched  material,  transported  in  a 
liquid  or  vapor  phase  to  the  end  of  the 
Pt  capsule  of  run  5-5,  contains  44.7% 
Si02,  15.9%  A1203,  0.1%  Cr203,  15.8% 
MgO,  and  23.9%  CaO.  The  aqueous  fluid 
emitted  when  this  capsule  was  opened 
was  clear  and  therefore  also  Cr-poor. 
The  strong  partitioning  of  Cr  between 


spinel  and  anhydrous  silicate  melt  has 
been  observed  before  (c/.  Keith,  1954). 
The  analysis  reported  here  demonstrates 
that  Cr  is  virtually  excluded  from  a 
simple  aqueous  melt  phase  as  well. 

Discussion 

In  mafic  and  ultramafic  rocks  chromite 
occurs  dispersed  as  an  accessory  phase 
and  concentrated  as  stratiform  cumu- 
lates, podiform  bodies,  and  rare  veins 
associated  with  serpentinites.  Chemical 
variation  of  igneous  chromites  follows 
two  distinct  trends,  one  of  varying  Fe 
content  and  another  of  varying  Cr/Al 
ratio.  These  trends  are  prominent  in 
different  igneous  environments,  charac- 
terized respectively  by  stratiform  intru- 
sions and  by  alpine-type  peridotites.  The 
contrasting  modes  of  chromite  variation 
are,  in  fact,  one  way  to  discriminate  al- 
pine and  stratiform  peridotites  (Thayer, 
1970).  This  distinction  is  illustrated  in 
Table  17,  where  68  new  analyses  of 
cumulus  chromites  from  stratiform  in- 
trusions and  podiform  chromites  from  al- 
pine peridotites  are  compared.  The  most 
variable  major  constituent  of  stratiform 
chromites   is  Fe,  whereas   for  podiform 


TABLE  17.  Composition  of  Chromites  from  Stratiform  Intrusives  and 
Alpine-Type  Peridotites* 


Cumulus  Chromites  in 

Podiform 

Chromites  in 

Stratiform  Intrusions 

Alpine-Type  Peridotites 

Ave 

Max 

Min 

s 

Ave 

Max 

Min 

s 

Ti02 

0.6 

1.8 

0.2 

0.3 

0.2 

0.6 

0.1 

0.1 

AI2O3 

16.6 

21.6 

11.8 

2.5 

15.9 

31.6 

8.8 

7.8 

Cr203 

46.2 

58.1 

34.9 

3.7 

53.1 

61.4 

35.5 

9.0 

FeOf 

25.0 

38.7 

11.6 

4.9 

16.9 

21.9 

13.6 

2.0 

MnO 

0.3 

0.4 

0.2 

0.04 

0.3 

0.5 

0.2 

0.1 

MgO 

11.1 

99.8 

16.9 

6.0 
98.0 

1.8 
0.8 

13.8 

16.7 

11.0 

98.4 

1.9 

Totals 

101.5 

100.2 

100.9 

0.7 

Sample  Size 

45 

23 

*  Automated  electron  microprobe  analyses  (Finger  and  Hadidiacos,  this  report),  using  the  same 
standards  and  operating  conditions  throughout.  Stratiform  intrusions:  Bushveld,  Selukwe,  Still- 
water. Alpine-type  peridotites:  Day  Book,  N.  Carolina;  Canyon  Mt.,  Oregon;  Mt.  Albert,  Que- 
bec; McGuffy  Creek,  Cal.;  Little  Castle  Creek,  Cal.;  Cayoguan,  Cuba;  Camaguey,  Cuba. 

t  Total  Fe  expressed  as  FeO. 
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chromites  the  most  variable  constituent 
is  Cr,  followed  by  Al.  The  standard  de- 
viation of  Fe  in  stratiform  chromites  is 
more  than  twice  that  in  podiform  chro- 
mites, and  the  standard  deviations  of  Cr 
and  Al  in  podiform  chromites  are  more 
than  twice  those  of  stratiform  chromites. 
These  different  spinel  variation  patterns 
are  also  apparent  in  the  whole-rock  com- 
positions, and  their  interpretation  may 
be  of  considerable  petrogenetic  signifi- 
cance. 

Variations  in  Fe  content  of  stratiform 
chromites  are  related  to  fractionation  of 
the  magma  and  particularly  to  the  com- 
positions and  abundances  of  the  copre- 
cipitating  silicates  (Irvine,  1967;  Jack- 
son, 1969).  The  experiments  reported 
here  are  not  necessarily  relevant  to  this 
phenomenon,  although  Fe/Mg  variations 
may  be  related  to  Cr/Al  distribution. 

These  Fe-free  experiments  are,  how- 
ever, particularly  relevant  to  the  phe- 
nomenon of  Cr/Al  variation  in  igneous 
chromites.  Above  the  solidus  the  spinel 
Cr/Al  ratio  rises  rapidly  with  tempera- 
ture. Fractional  crystallization,  in  the 
absence  of  conflicting  phenomena,  would 
produce  a  succession  of  increasingly 
aluminous  spinels.  Evidence  for  such 
fractionation  is  weak  or  absent  in  strati- 
form intrusions  (Irvine,  1967)  where 
the  effect  of  temperature  upon  Cr/Al 
distribution  is  apparently  obscured  by 
the  peritectic  reaction  between  spinel, 
plagioclase,  and  olivine  (c/.  Osborn  and 
Tait,  1952) ,  which  produces  a  residual 
Cr-rich  spinel.  Cr/Al  fractionation  has 
been  observed,  however,  in  differentiated 
rocks  of  the  Makaopuhi  lava  lake 
(Evans  and  Moore,  1968).  Here  spinels 
that  occur  as  inclusions  in  olivine  show 
Cr/Al  fractionation;  they  presumably 
crystallized  above  the  temperatures  of 
formation  of  plagioclase  and  were  iso- 
lated by  inclusion  in  olivine  phenocrysts. 

The  marked  variation  in  Cr/Al  ratios 
of  podiform  chromites  in  alpine-type 
peridotites  may  also  be  due  to  fractional 
crystallization.  Podiform  chromites  typi- 
cally occur  in  dunites,  less  commonly  in 


harzburgites,  and  very  rarely  in  feld- 
spar-bearing rocks.  If  alpine  peridotites 
and  podiform  chromites  form  by  frac- 
tional crystallization,  the  magma  differ- 
entiated along  the  calcalkaline  trend,  for 
these  rocks  are  characterized  by  little 
Mg/Fe  variation.  Such  a  phenomenon 
has  been  advocated  by  Thayer  (1967), 
who  supposed  the  primary  magma  to  be 
ultrabasic,  and  by  Osborn  (1969),  who 
proposed  that  orogenic  andesites  and  al- 
pine peridotites  are  complementary  prod- 
ucts of  fractional  crystallization  of 
basaltic  magma  under  high  PH2o-  Al- 
though such  events  are  conceivable,  the 
nature  of  the  original  magma  remains  in 
doubt.  An  alternative  process  involves 
incongruent  melting  (Dickey,  Yoder,  and 
Schairer,  Year  Book  70).  In  the  latter 
hypothesis  chromite  is  created  by  incon- 
gruent melting  of  chromian  diopside  and 
other  mantle  silicates  during  fractional 
fusion  of  mantle  rock.  The  large  Cr/Al 
variations  in  the  chromite  result  from 
relatively  small  T-P  variations  while  the 
chromite  and  liquid  are  in  contact.  The 
small  Fe/Mg  variation  results  because 
the  Fe/Mg  ratio  of  the  system  is  sta- 
bilized, or  buffered,  by  the  great  mass  of 
residual  mafic  silicates.  As  chromite 
crystals  aggregate  into  nodules  and  pods, 
perhaps  by  winnowing  as  magma  perco- 
lates through  the  system,  they  become 
increasingly  isolated  and  cannot  react 
with  silicates  or  magma  at  lower  tem- 
peratures and  pressures.  As  cooling  pro- 
ceeds below  the  solidus,  the  massive 
chromite  pods  and  nodules  behave  as 
closed  systems  and  do  not  reequilibrate 
with  the  host  peridotites.  A  similar  ef- 
fect is  found  in  stratiform  deposits  (Ir- 
vine, 1967)  where  massive  chromite 
layers,  isolated  from  supernatant  liquids 
and  cumulus  silicates,  retain  higher 
Mg/Fe  ratios  than  dispersed  accessory 
chromites  in  adjacent  layers. 

Dispersed  accessory  chromites  in  both 
stratiform-  and  alpine-type  environ- 
ments do,  however,  show  the  effects  of 
reequilibration  with  the  surrounding 
phases.  In  stratiform  intrusions  the  most 
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pronounced  effect  upon  accessory  chro- 
mites  during  reequilibration  is  an  in- 
crease in  Fe/Mg  ratio  (Irvine,  1967). 
In  alpine  peridotites  there  is  an  apparent 
increase  in  Al/Cr  ratio.  In  the  Canyon 
Mountain  peridotite  of  Oregon,  for  ex- 
ample, podiform  chromite  in  the  Haggert 
and  New  mine  has  a  Cr/Al  ratio 
(atomic)  as  high  as  3,  whereas  accessory 
chromian  spinel  in  peridotite  near  that 
mine  has  a  Cr/Al  ratio  less  than  0.3. 
These  same  spinels  have  rather  similar 
Mg/Fe  ratios,  1.9  and  2.2,  respectively. 
This  relationship  prevails  elsewhere:  ac- 
cessory chromites  in  alpine-type  perido- 
tites generally  have  lower  Cr/Al  ratios 
than  associated  podiform  chromites. 

Accessory  chromites  in  alpine-type 
peridotites,  therefore,  approach  the  whole 
rock  in  terms  of  Cr/Al  ratio,  and  this 
result  can  be  attributed  to  equilibration 
with  surrounding  phases  along  a  decreas- 
ing T  gradient.  According  to  these  ex- 
periments, the  distribution  of  Cr  and  Al 
below  the  solidus  in  nonfeldspathic  rocks 
containing  spinel  and  clinopyroxene  is  a 
function  of  bulk  composition  and  is  not 
dramatically  responsive  to  changes  of 
pressure  or  temperature.  Presumably,  in 
the  presence  of  plagioclase,  the  influ- 
ences of  T  and  P  below  the  solidus  are 
enhanced,  but  the  role  of  plagioclase  is 
confused  by  opposing  effects.  On  the  one 
hand,  the  presence  of  plagioclase  means 
relatively  high  bulk  Al  content,  which 
lowers  the  Cr/Al  ratio  of  the  spinel.  On 
the  other  hand,  subsolidus  crystallization 
of  plagioclase  owing  to  decompression  or 
heating  tends  to  raise  the  Cr/Al  ratio  of 
the  spinel.  The  latter  effect  is  observed 
locally  where  high-P  spinels  and  pyrox- 
enes recrystallize  to  low-P  olivines  and 
plagioclase,  but  in  general  the  influence 
of  bulk  composition  prevails:  "high- 
alumina  chromites  occur  in  peridotite 
masses  which  contain  feldspathic  mem- 
bers, and  high-chrome  chromites  occur 
in  feldspar-free  peridotites  low  in  alu- 
mina and  iron"  (Thayer,  1947,  p.  2160). 


In  summary,  these  experiments  sug- 
gest that,  in  the  absence  of  pronounced 
changes  in  bulk  composition  or  reactions 
involving  plagioclase,  large  variations 
in  Cr/Al  ratios  of  spinels  result  from 
liquid-crystal  fractionation  under  vary- 
ing T-P  conditions.  Spinel  composition 
below  the  solidus  is  essentially  controlled 
by  bulk  composition  and  is  rather  in- 
sensitive to  changes  in  T  or  P.  Lastly, 
the  observed  paucity  of  Cr  in  the  aque- 
ous melt  phase  of  these  experiments 
heightens  the  mystery  of  chromite  vein 
formation  and  increases  the  probability 
that  an  additional  component  is  required 
to  mobilize  Cr  in  the  hydrothermal  en- 
vironment. 

The  Melting  of  Phlogopite  in  the 

Presence  of  Enstatite,  Aluminous 

Enstatite,  Diopside,  Spinel, 

Corundum,  and  Pyrope 

Peter  J.  Modreski 

Phlogopite  appears  to  be  stable  to 
greater  depths  in  the  mantle  than  any  of 
the  other  common  hydrous  minerals. 
Because  it  is  a  likely  carrier  of  water 
and  potassium  in  the  upper  mantle,  its 
stability  limits  under  mantle  conditions 
are  of  much  interest  to  petrologists.  Some 
melting  reactions  that  limit  the  stability 
of  phlogopite  in  the  presence  of  other 
crystalline  phases  in  the  system  K20- 
Al203-MgO-CaO-Si02-H20— a  simpli- 
fied model  for  the  mantle — have  been 
studied  between  2  and  35  kb.  The  ex- 
periments were  performed  in  piston- 
cylinder,  solid-media  pressure  apparatus 
at  The  Pennsylvania  State  University 
(Boettcher  and  Wyllie,  1968)  and  in  in- 
ternally heated,  gas-media  apparatus  at 
the  Geophysical  Laboratory  (Yoder, 
1950) .  The  quenched  liquids  from  these 
experiments  have  been  analyzed  with  the 
electron  microprobe;  the  results  are  a 
model  for  the  composition  of  magmas 
derived  from  partial  melting  of  phlogo- 
pite-bearing  mantle  rocks. 
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The  Composition  Join 
KMg3AlSi3O10(OH)2-MgSiO3-H2O 

Yoder  and  Kushiro  (1969)  found  that 
phlogopite  melts  at  about  1305°  and 
1375°C  at  10  and  30  kb,  respectively, 
and  that  phlogopite  +  water  vapor  melts 
at  1180°  and  1195°C  at  the  same  two 
pressures.  Melting  in  each  case  produces 
forsterite  -j-  silicate  liquid.  Luth  (1967) 
showed  that  in  the  presence  of  enstatite 
the  melting  temperature  of  phlogopite  is 
reduced  considerably,  by  about  200°C  at 
2  kb.  The  present  study  shows  that 
phlogopite  +  enstatite  begins  to  melt  to 
forsterite  +  liquid  at  about  1085°C,  10 
kb,  and  at  about  1265 °C,  30  kb.  Phlogo- 
pite -+"  enstatite  +  water  vapor  begins 
to  melt  to  forsterite  +  liquid  at  about 
1060°C,  10  kb,  and  at  about  1170°C, 
30  kb.  The  melting  of  phlogopite  or 
phlogopite  -f-  vapor  produces  a  liquid 
very  poor  in   Si02    (Luth,   1967),   with 


kalsilite,  leucite,  and  forsterite  as  norma- 
tive constituents.  The  melting  of  phlog- 
opite +  enstatite  ±  water  vapor,  how- 
ever, produces  liquids  richer  in  SiCV 

Microprobe  analyses  of  the  glasses 
resulting  from  the  quenching  of  these 
liquids  are  given  in  Table  18.  The 
analyses  were  made  with  the  computer- 
ized MAC  electron  microprobe  at  the 
Geophysical  Laboratory,  using  a  15  kV 
accelerating  potential,  low  (about  0.0200 
fiA)  beam  current,  and  as  large  a  beam 
diameter  as  possible  (3  to  12  /xm)  to 
minimize  decomposition  of  the  glasses. 
Some  volatilization  of  K  and  consequent 
increase  in  concentration  of  the  non- 
volatile elements  were  unavoidable;  a 
correction  for  this  was  made  by  record- 
ing the  count  rates  on  a  strip-chart 
recorder,  determining  the  change  in  count 
rates  that  took  place  during  the  time  of 
analysis,    and    extrapolating    the    count 


TABLE  18.   Microprobe  Analyses  of  Quenched  Liquids 


1 

2 

3 

4 

5 

6 

Reactants* 

Ph6En6 

Ph6En6 

Ph6En6r 

Ph6Di6 

Ph4En3Di3 

Ph6Co< 

Pressure,  kb 

10 

30 

10 

15 

10 

10 

Temperature,  °C 

1120 

1350 

1100 

1250 

1150 

1100 

Products 

Fo+L  + 

Fo+L  + 

Fo+L+7 

Di+Fo  + 

Fo+L  + 

Sp+L  + 

En  +  (Ph) 

En+(Ph) 

L  +  (Ph) 

Di  +  (En) 

(Ph)  +  (Co) 

Si02 

62.19 

55.28 

63.08 

47.90 

60.85 

57.19 

AI2O3 

14.87 

19.33 

14.04 

15.69 

14.57 

19.90 

MgO 

2.27 

2.15 

0.30 

2.95 

2.57 

1.27 

CaO 

4.41 

1.70 

K20 

13.87 

17.19 

10.68 

17.90 

12.75 

13.08 

Totals 

93.20 

93.95 

88.10 
Norms 

88.85 

92.44 

91.44 

Q 

6.16 

21.75 

5.96 

5.26 

or 

81.16 

45.48 

63 

13 

75.32 

77 

27 

lc 

44.00 

67.18 

an 

2.11 

en 

5.65 

0 

74 

4.13 

3 

16 

di 

15.07 

4.92 

fo 

3.76 

0.25 

cs 

0.78 

ks 

0.22 

5.57 

C 

0.72 

2 

48 

5 

75 

*  In  weight  proportion. 

Abbreviations:  Co,  corundum;  Di,  diopside;  En,  enstatite;  Fo,  forsterite;  L,  liquid;  Ph,  phlog- 
opite; Sp,  spinel;  V,  water  vapor;   (  ),  trace  amount. 
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rates  to  the  zero  time.  The  low  totals  of 
these  analyses  reflect  the  water  contents 
of  the  glasses. 

The  liquids  produced  by  melting  of 
phlogopite  +  enstatite  in  the  absence  of 
a  vapor  phase  ("dry")  contain  approxi- 
mately 6%  normative  quartz  at  10  kb, 
4%  normative  quartz  at  15  kb,  3% 
normative  leucite  at  25  kb,  and  44% 
normative  leucite  at  30  kb ;  two  of  these 
analyses  are  given  in  Table  18  (Nos.  1 
and  2).  The  trend  observed  here — a  de- 
crease in  silica  saturation  of  the  liquid 
with  increasing  pressure — is  a  result  of 
the  degree  to  which  enstatite  participates 
in  the  melting  reaction.  A  comparison 
can  be  made  with  the  simpler  system 
MgO-Si02-H20.  Enstatite  +  water 
vapor  melts  incongruently  to  forsterite 
-f-  liquid  up  to  pressures  of  at  least  30  kb 
(Kushiro,  Yoder,  and  Nishikawa,  1968), 
but  in  the  absence  of  water  enstatite 
melts  congruently  at  pressures  above  a 
few  kilobars  (Boyd,  England,  and  Davis, 
1964).  In  the  present  study  the  melting 
of  enstatite  occurs  in  the  presence  of  a 
hydrous  phase,  phlogopite.  The  result  is 
that  the  participation  of  enstatite  in  this 
melting  reaction  is,  in  effect,  incongruent; 
the  liquid  contains  little  MgO  but  is  en- 
riched in  SiOo.  The  proportion  of  ensta- 
tite that  reacts  with  phlogopite  to  pro- 
duce forsterite  -j-  liquid  becomes  smaller 
with  increasing  pressure,  producing  liq- 
uids that  are  progressively  more  alkalic 
and  poorer  in  Si02.  This  trend  of  liquid 
compositions  is  in  accord  with  the  con- 
clusion that  the  greater  the  depth  of 
formation  of  magmas  produced  by  par- 
tial melting  in  the  upper  mantle  the  more 
alkalic  and  undersaturated  they  will  be 
(Green,  1970). 

The  liquids  produced  by  melting  of 
phlogopite  -f-  enstatite  in  the  presence  of 
excess  water  vapor,  however,  are  much 
more  strongly  quartz  normative;  the 
analyses  show  22%  normative  quartz  at 
7.5  kb,  22—31%  normative  quartz  at  10 
kb  (Table  18,  No.  3),  23%  normative 
quartz  at  15  kb,  and  20%  normative 
quartz  at  25  kb.    This  continued  silica 


saturation  at  all  pressures  is,  by  analogy 
to  the  system  MgO-Si02-H20,  a  conse- 
quence of  the  incongruent  melting  of  en- 
statite in  the  presence  of  water. 

Luth    (1967)    interpreted  the  melting 
reaction  in  the  range  1  to  3  kb  to  be 


Phlogopite  -f-  enstatite  <=^ 
forsterite  +  liquid  +  vapor. 


(1) 


As  pressure  and  the  solubility  of  water 
in  the  melt  increase,  a  pressure  must  be 
reached  at  which  all  the  water  from  the 
phlogopite  can  dissolve  in  the  melt 
(Modreski  and  Boettcher,  1972).  This 
will  generate  a-  singular  point  (Schreine- 
makers,  1916,  p.  1539) ,  terminating  re- 
action 1.  Above  this  singular  point  will 
be  the  two  reactions  discussed  above, 


Phlogopite  -f-  enstatite 
forsterite  +  liquid 


and 


Phlogopite  +  enstatite  +  vapor  ^ 

forsterite   +   liquid.  (3) 

On  the  basis  of  measured  solubilities  of 
water  in  melts  of  similar  composition 
(for  example,  Spengler,  1965)  and  the 
data  for  reactions  2  and  3,  this  singular 
point  lies  at  2  ±  1  kb. 

Reactions  1,  2,  and  3  would  be  uni- 
variant  if  the  system  were  quaternary; 
that  is,  if  the  compositions  of  all 
phases  were  within  the  system  KAlSi04- 
Mg2Si02-Si02-H20.  The  experiments  on 
reactions  2  and  3,  however,  indicate  that 
they  are  divariant.  Phlogopite  +  ensta- 
tite -4-  forsterite  +  liquid,  both  in  the 
presence  of  excess  vapor  ("wet")  and  in 
the  absence  of  vapor  ("dry"),  coexist 
over  temperature  intervals  of  30°-40°C 
at  pressures  in  the  range  10  to  25  kb. 
Reversal  runs  were  made  to  confirm 
these  melting  intervals.  Because  of  the 
difficulty  of  performing  a  microprobe 
analysis  of  a  small  percentage  of  inter- 
stitial glass,  no  data  have  been  obtained 
on  the  change  in  liquid  compositions 
within  this  melting  interval. 

The  divariant  behavior  may  be  ac- 
counted   for   by   crystalline   solution   of 
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A1203  in  enstatite,  possible  deficiency 
of  A1203  in  phlogopite  (Seifert  and 
Schreyer,  1971),  and  possible  nonunity 
of  the  K:A1  ratio  in  liquid  and  vapor 
phases.  At  pressures  up  to  25  kb,  micro- 
probe  analyses  show  A1203  contents  of 
only  0.11  to  0.42  wt  %  in  enstatites  co- 
existing with  phlogopite  ±  vapor  and  of 
only  0.09  to  0.67%  in  enstatites  coexist- 
ing with  phlogopite  +  forsterite  +  liq- 
uid ±  vapor.  At  30  and  35  kb  the  A1203 
content  is  low  (about  0.45%)  in  "dry" 
runs  below  the  solidus  but  increases  to 
as  much  as  1.34%  when  melting  takes 
place.  Interestingly,  enstatite  in  "wet" 
runs  below  the  solidus  at  30  and  35  kb 
also  contains  high  A1203,  up  to  1.25%. 
Aluminum  evidently  remains  tightly 
bound  in  phlogopite  as  long  as  it  is 
stable,  but  when  the  phlogopite  is  incor- 
porated into  the  liquid  or  into  a  dense, 
silicate-rich  vapor  phase,  the  activity  of 
A1203  in  the  system  increases  signifi- 
cantly. 

Unit  cell  constants  of  phlogopite,  de- 
termined from  X-ray  powder  diffrac- 
tometer  patterns,  show  little  variation 
with  pressure  or  temperature;  they 
average  a  =  5.314  ±  0.005  A,  c  = 
30.448  ±  0.038  A,  on  the  basis  of  the 
3T  cell,  by  which  the  patterns  are  most 
completely  indexed.  The  powder  pat- 
terns are  similar  to  that  given  for  syn- 
thetic phlogopite  by  Yoder  and  Eugster 
(1954). 

The  Composition  Join 

KMg3AlSi3O10(OH)2-MgSiO3- 

CaMgSi206-H20 

Phlogopite  +  diopside  melts  at  tem- 
peratures higher  than  phlogopite  +  en- 
statite, about  1135°C  "dry"  and  about 
1100°C  "wet"  at  10  kb.  The  melting 
produces  forsterite  and  a  liquid  that  is 
highly  undersaturated  in  Si02  (Table  18, 
No.  4).  Because  diopside  does  not  show 
the  incongruent  melting  behavior  of  en- 
statite, it  does  not  greatly  enrich  the 
liquid  in  Si02.  Experiments  made  on 
phlogopite  +  diopside  +  enstatite  pro- 


duce quartz-normative  liquid  at  10  kb 
(Table  18,  No.  5).  Phlogopite  and  ensta- 
tite are  the  major  participants  in  the 
melting  reaction,  with  diopside  remain- 
ing as  a  relatively  refractory  phase.  The 
results  of  this  study  are  consistent  with 
the  reconnaissance  experiments  reported 
by  Kushiro  (Year  Book  68,  p.  247). 

The  Composition  Join 

KMg3AlSi3O10(OH)2-MgSiO3- 

MgAl2OrAl203 

The  composition  join  phlogopite- 
corundum-water  was  investigated  as  an 
initial  step  toward  the  understanding  of 
the  stability  of  phlogopite  in  equilibrium 
with  aluminous  phases.  Corundum  lowers 
the  stability  of  phlogopite  considerably, 
to  about  1075°C  "dry"  and  to  about 
1000°C  "wet"  at  10  kb.  Melting  pro- 
ceeds according  to  the  reactions 


Phlogopite  +  corundum 
spinel  +  liquid 


(4) 


and 


Phlogopite  -4-  corundum  -4-  vapor  ?=* 
spinel  -f-  liquid.  (5) 

Below  the  beginning  of  melting,  phlogo- 
pite -f-  corundum  is  a  stable  assemblage 
to  at  least  30  kb.  The  liquids  produced 
in  reactions  4  (Table  18,  No.  6)  and  5 
are  rich  in  A1203.  An  ordinary  norm  cal- 
culation, which  shows  quartz,  is  of  un- 
certain meaning  because  of  the  large 
amount  of  normative  corundum.  If  suf- 
ficient K20  were  present  to  combine  with 
all  the  A1203  the  norm  would  be  pre- 
dominantly leucite. 

Spinel  reduces  the  stability  of  phlogo- 
pite slightly;  in  the  presence  of  spinel, 
phlogopite  +  vapor  melts  between  1150° 
and  1175°C  at  10  kb,  producing  fors- 
terite +  liquid.  The  subsolidus  assem- 
blage phlogopite  +  spinel  is  stable  to  at 
least  35  kb. 

The  effect  of  aluminous  enstatite  on 
the  stability  of  phlogopite  was  studied 
with  mixtures  of  phlogopite  -4-  spinel  + 
enstatite,  phlogopite  +  enstatite  (10  wt 
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%  A1203) ,  and  phlogopite  +  pyrope 
composition.  Phlogopite  +  aluminous 
enstatites  of  approximately  3  to  10  wt 
%  A1203  (plus,  in  some  cases,  small 
amounts  of  other  aluminosilicates)  be- 
gins to  melt  at  temperatures  slightly 
higher  than  phlogopite  +  pure  MgSi03, 
apparently  as  a  result  of  the  lower  con- 
centration and  therefore  the  lower  chem- 
ical potential  of  Si02  in  the  aluminous 
enstatites.  Melting  results  in  the  pro- 
duction of  a  relatively  refractory  re- 
siduum of  enstatite  more  aluminous  than 
the  initial  reactant,  as  was  also  the  case 
for  the  phlogopite  -f-  MgSi03  composi- 
tions. 

Experiments  on  phlogopite  -j-  pyrope 
indicate  that  this  assemblage  is  stable  at 
least  between  26  and  35  kb.  The  melting 
temperatures  of  this  assemblage  are 
higher  than  those  of  phlogopite  -f-  en- 
statite. 

Microprobe  analyses  indicate  that 
the  phlogopites  coexisting  with  the 
aluminous  phases  show  considerable 
crystalline  solution  toward  eastonite, 
KMg2.5Alo.5AU.5Si2.5Oxo (OH)  2 ;  for  ex- 
ample, mica  coexisting  with  pyrope  -f- 
vapor  at  1160°C,  30  kb,  has  the  struc- 
tural formula  K0.977Mg2.76cAl1.331Si2.874 
Oi0(OH)2. 

Summary 

The  melting  curves  of  phlogopite  + 
enstatite  and  phlogopite  +  enstatite  + 
water  are  approximations  to  the  stability 
of  mica  in  the  mantle  because  it  is  vir- 
tually certain  that  orthopyroxene  is  an 
important  constituent  of  the  upper  man- 
tle. Phlogopite  +  enstatite  begins  to 
melt  at  1085°C,  10  kb;  1140°C,  15  kb; 
1190°C,  20  kb;  1230°C,  25  kb;  1265°C, 
30  kb;  and  1295°C,  35  kb.  Phlogopite  + 
enstatite  +  water  vapor  begins  to  melt 
at  1060°C,  10  kb;  1095°C,  15  kb; 
1125°C,  20  kb;  1150°C,  25  kb;  1170°C, 
30  kb;  and  1185°C,  35  kb.  Within  the 
model  system  K20-Al203-MgO-CaO- 
Si02-H20  the  phases  likely  to  accom- 
pany orthopyroxene  and  olivine  in  the 


mantle — diopside,  spinel,  and  pyrope — 
and  the  presence  of  A1203  in  crystalline 
solution  in  the  orthopyroxene  will  not 
greatly  affect  the  high-temperature  sta- 
bility limits  of  phlogopite.  The  most 
important  element  not  accounted  for  by 
this  model  is  Fe,  which  is  expected  to 
lower  melting  temperatures.  The  effects 
of  Ti,  Cr,  Na,  and  F  on  the  stability  of 
phlogopite  also  remain  to  be  explored. 

At  higher  pressures  phlogopite  is  re- 
ported to  break  down  to  pyrope  and 
other  phases  (Markov  et  al.,  1966; 
Kushiro,  Syono,  and  Akimoto,  1967).  No 
evidence  of  such  a  transformation  has 
been  found  in  the  present  investigation, 
but  it  can  be  expected  at  pressures  not 
far  above  40  kb.  No  evidence  of  "hy- 
droxylated  pyroxenes"  (Sclar,  1970)  has 
been  found  in  these  experiments. 

Mica  should  be  stable  to  depths  of  75 
to  100  km  in  "oceanic"  regions  of  the 
upper  mantle  where  the  geothermal 
gradient  is  steep.  In  "shield"  regions 
where  the  geothermal  gradient  is  low, 
mica  should  persist  to  depths  of  about 
175  km.  The  initial  magma  produced  by 
partial  melting  of  phlogopite-bearing 
peridotite  in  the  presence  of  free  water 
should  be  strongly  quartz  normative 
(dacitic?)  to  depths  of  at  least  80  km. 
In  the  absence  of  free  water  the  initial 
magma  should  be  quartz  normative  to 
depths  of  about  60  km  and  silica  under- 
saturated  and  alkalic  at  greater  depths. 

mlneralogical  studies  of  submarine 
Basalts 

W.  B.  Bryan 

At  present  there  are  over  200  bulk 
chemical  analyses  of  submarine  basalts 
(Cann,  1971),  most  of  these  representing 
dredged  samples  from  mid-ocean  ridges. 
Although  this  rapidly  growing  body  of 
chemical  data  has  provided  much  insight 
into  the  compositional  peculiarity  of 
ocean-ridge  basalts  and  has  demon- 
strated important  chemical  variations 
among  them  (Engel,  Engel,  and  Havens, 
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1965;  Muir  and  Tilley,  1966;  Miyashiro, 
Shido,  and  Ewing,  1969),  very  few  of 
these  analyses  have  been  accompanied 
by  detailed  petrographic  descriptions 
and  mineralogical  data.  Also,  most  of 
these  analyses  provide  little  insight  into 
compositional  characteristics  of  older 
sea-floor  basalts.  The  petrographic  and 
mineralogical  characteristics  of  these 
rocks  must  be  well  defined  to  permit 
their  recognition  in  older  geological  as- 
sociations such  as  Precambrian  shields 
or  alpine  complexes  if  these  studies  are 
to  be  projected  beyond  the  life-span  of  a 
modern  ocean  basin. 

Many  aspects  of  magmatic  processes 
on  mid-ocean  ridges  can  be  defined  only 
through  study  of  paragenesis  and  ele- 
ment partitioning  among  coexisting 
phases  in  real  rock  samples.  Detailed 
information  on  mineral  compositions  is 
required  for  testing  of  fractionation 
models  using  materials  balance  calcula- 
tions (Bryan,  Year  Book  67,  p.  241).  In 
this  regard,  pyroxene  compositions  are 
especially  important,  as  the  rather  ex- 
tensive solid  solution  effects  in  natural 
pyroxenes  are  difficult  to  predict  from 
theory  and  equally  difficult  to  study  in 
laboratory  experiments.  Mineral  zoning 
and  growth  forms  can  provide  important 
clues  to  the  changing  composition  of  co- 
existing liquids  and  to  the  degree  of 
supercooling  of  the  liquid  (Lofgren, 
1971 ;  Bryan,  1972) .  Preliminary  results 
of  microprobe  and  optical  study  of  sub- 
marine basalts  in  the  collection  of  the 
Woods  Hole  Oceanographic  Institution 
and  from  JOIDES  (Joint  Oceanographic 
Institutions  for  Deep  Earth  Sampling), 
legs  2,  3,  and  11  in  the  Atlantic  Ocean 
are  presented.* 

Microprobe  Analyses  of  Basalt  Glass 

The  glass  rims  of  basalt  pillow  frag- 
ments from  a  variety  of  locations  were 

*  Laboratory  studies  were  supported  by  the 
National  Science  Foundation  under  grants  GA- 
31244  and  GA-28967,  and  by  the  Office  of  Naval 
Research  under  contract  N00014-66-C-0241,  NR 
083-004. 


analyzed  in  order  to  establish  the  bulk 
chemical  composition  of  the  basalts 
studied  and  to  compare  basalts  from 
poorly  known  areas  such  as  the  Wood- 
lark  Basin  (southwestern  Pacific)  and 
western  Atlantic  with  basalts  from  a 
typical  ocean  ridge  environment.  The 
latter  is  represented  by  basalts  from  the 
"type  areas"  at  29°  (Research  Vessel 
Chain,  cruise  21)  and  45°  (R.  V.  Chain, 
cruise  43)  on  the  Mid-Atlantic  Ridge, 
and  a  pillow  lava  from  the  median  valley 
at  22 °S  (R.  V.  Atlantis  II,  cruise  6)  in 
the  Atlantic.  Other  basalts  .analyzed  in- 
cluded two  samples  from  the  Red  Sea 
rift  and  a  sample  from  the  Woodlark 
Basin.  A  sample  from  JOIDES  leg  11, 
site  105,  in  the  western  Atlantic  is  of 
upper  Jurassic  age  and  represents  the 
oldest  basalt  so  far  recovered  in  the 
Deep  Sea  Drilling  Project. 

All  samples  were  mounted  in  a  com- 
mon plastic  mount  and  were  coated 
simultaneously  with  the  mount  contain- 
ing compositional  standards.  The  glasses 
were  then  analyzed  during  a  single  5- 
hour  session.  A  15-^.m  spot  size  was  used 
to  minimize  alkali  volatilization  and  to 
ensure  adequate  averaging  of  minute 
crystallites  and  other  impurities.  In 
spite  of  these  precautions,  the  analyses 
consistently  gave  low  summations  in  the 
range  96.0-98.0,  for  which  no  satisfac- 
tory explanation  is  presently  available; 
however,  the  cause  may  be  adsorbed 
water.  Replicate  analyses  of  several  of 
the  glasses  gave  results  nearly  identical 
with  those  first  obtained.  Apparently 
the  precision  of  the  method  is  sufficient 
to  justify  comparisons  between  the 
glasses. 

The  most  important  conclusion  is  that 
all  these  basalts,  representing  a  wide 
range  of  geological  environments  and 
ranging  in  age  from  Jurassic  to  very  re- 
cent, are  similar  in  major-element  com- 
position. They  lie  within  the  range  of 
compositions  already  recognized  among 
Mid-Atlantic  Ridge  basalts  (Muir  and 
Tilley,    1966;    Miyashiro,    Shido,    and 
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TABLE  19.   Microprobe  Analyses  of  Basalt  Glasses 


1 

2 

3 

4 

Si02 

49.6 

49.6 

49.8 

50.3 

A1203 

14.7 

14.1 

15.7 

14.7 

Ti02 

1.02 

1.41 

0.84 

1.89 

FeO 

8.99 

10.4 

7.13 

9.62 

MnO 

0.18 

0.21 

0.15 

0.19 

MgO 

8.71 

7.32 

8.85 

7.32 

CaO 

11.89 

11.7 

12.9 

10.7 

Na20 

1.92 

2.30 

2.05 

2.94 

K20 

0.06 

0.07 

0.11 

0.08 

Cr203 

0.09 

0.07 

0.08 

0.06 

Totals 

97.16 

97.18 

97.61 

97.80 

1.  JOIDES  leg  11,  site  105,  western  Atlantic  margin. 

2.  Chain  cruise  100,  core  15,  Red  Sea  rift.   Core  catcher  chips. 

3.  Chain  cruise  43,  site  104,  dredge  sample  17,  Mid-Atlantic  Ridge  at  45°N. 

4.  Atlantis  II  cruise  60,  site  2,  dredge  sample  5,  Mid-Atlantic  Ridge  at  23°S. 


Ewing,  1969) .  Some  of  the  more  extreme 
compositional  variations  are  given  in 
Table  19.  It  is  especially  significant  that 
the  Jurassic  basalt  from  JOIDES  leg  11, 
station  105,  closely  resembles  modern 
basalts  from  the  Mid-Atlantic  Ridge, 
perhaps  most  closely  matching  the  oli- 
vine tholeiite  from  Chain  cruise  43,  sta- 
tion 104.  These  chemical  similarities, 
along  with  mineralogical  and  petrogra- 
phic  similarities  outlined  below,  indicate 
that  magma  of  similar  composition  has 
been  extruded  in  much  the  same  manner 
throughout  the  whole  period  of  opening 
of  the  Atlantic  Ocean  basin.  This  could 
imply  continuous  renewal  of  source  ma- 
terial and  great  consistency  in  the 
temperature-pressure  conditions  at  the 
site  of  partial  melting. 

Chrome  Spinels 

The  petrogenetic  significance  of  chrome 
spinel  has  been  discussed  by  Irvine 
(1967),  who  noted  that  aluminous 
chrome  spinel  is  apparently  typical  of 
alpine-type  peridotite.  He  showed  that 
chrome  spinel  should  be  expected  to  co- 
precipitate  with  olivine  or  pyroxene  from 
basalt  liquids  containing  very  little 
Cr203.  on  the  basis  of  available  experi- 
mental   evidence.     He    cited    field    and 


experimental  evidence  suggesting  that 
crystallization  of  chrome  spinel  may  be 
terminated  by  a  peritectic  relation  to 
ortho-  or  clinopyroxene. 

Petrographic  study  of  spinel  para- 
genesis  in  these  submarine  basalts  gen- 
erally supports  the  relations  cited  by 
Irvine.  In  spite  of  the  consistently  low 
content  of  O2O3  (Table  19)  in  these 
basalts,  chrome  spinel  typically  copre- 
cipitates  with  olivine,  as  indicated  by  its 
association  with  that  mineral  both  as 
inclusions  and  as  tiny  euhedral  crystals 
associated  with  olivine  in  quenched  glass 
of  pillow  lava  margins.  In  holocrystalline 
olivine  tholeiite  samples,  spinel  may  ap- 
pear as  inclusions  in  larger  plagioclase 
laths  or  as  euhedral  cores  within  skeletal 
magnetite  overgrowths  when  the  spinel  is 
surrounded  by  groundmass  plagioclase 
and  pyroxene.  Spinel  is  usually  rare  or 
absent  in  plagioclase  tholeiites. 

Analyses  of  some  typical  chrome 
spinels  are  given  in  Table  20.  Some  diffi- 
culty was  encountered  in  analyzing  the 
very  small  grains  in  the  Red  Sea  basalt 
(Chain  cruise  100),  and  in  the  Mid- 
Atlantic  Ridge  samples  (Chain  cruises 
21  and  43)  because  of  the  tendency  of 
the  beam  to  excite  adjacent  minerals  and 
difficulties  in  focusing.  Because  of  the 
low  totals,  implying  possible  errors  in  the 
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TABLE  20.   Microprobe  Analyses  of  Chrome  Spinel  in  Submarine  Basalt 


1 

2 

3 

4 

5 

Si02 

0.48 

0.59 

1.09 

0.77 

0.69 

Ti02 

0.34 

0.41 

0.69 

0.79 

1.96 

AI2O3 

35.5 

35.2 

23.4 

21.8 

19.2 

FeO 

12.5 

15.7 

16.9 

21.8 

28.3 

MnO 

0.17 

0.20 

0.26 

0.31 

0.34 

MgO 

18.3 

17.1 

14.8 

12.7 

11.3 

CaO 

0.15 

0.09 

0.41 

0.43 

0.17 

Cr203 

30.4 

26.9 

37.8 

37.9 

31.9 

Totals 

97.84 

96.19 

95.35 

96.50 

93.86 

1.  Sample  J-3-14-10,*  grain  2,  South  Atlantic. 

2.  Sample  CH21-3,  Mid-Atlantic  Ridge,  23°N. 

3.  Sample  CH43-104-66,  Mid-Atlantic  Ridge,  45 °N. 

4.  Sample  J-ll-105,  grain  2,  western  Atlantic  margin. 

5.  Sample  CH100-14,  basalt  chip  in  core  catcher,  Red  Sea  rift  valley. 
*J,  JOIDES;  CH,  Chain. 


analyses,  no  effort  has  been  made  to 
calculate  total  Fe  into  Fe203  and  FeO, 
and  meaningful  comparisons  of  Mg/ 
(Fe2+  +  Mg)  ratios  are  not  possible. 
The  large  differences  in  A1203,  FeO,  and 
MgO  at  the  different  sites  are,  however, 
much  greater  than  the  implied  ana- 
lytical errors.  Again,  the  chromite  from 
JOIDES  station  105  resembles  that  from 
Chain  cruise  43  and  the  Red  Sea, 
whereas  those  from  Chain  cruise  21  and 
JOIDES  leg  3,  station  14,  are  very 
similar  in  their  higher  A1203  and  MgO, 
and  lower  FeO.  Irvine^  (1967)  has  sug- 
gested that  high  A1203  indicates  rela- 
tively high  pressures  of  crystallization. 
Systematic  changes  in  depth  of  origin  of 
older  versus  younger  sea-floor  basalts  are 
not  implied  by  these  very  limited  data, 
as  the  samples  from  Chain  cruise  21  and 
Chain  cruise  43  both  represent  very  re- 
cent basalt  from  the  Mid-Atlantic  Ridge. 

Pyroxenes 

Distinct  pyroxene  crystals  are  rarely 
observed  in  submarine  basalts,  and  very 
few  analyses  have  been  reported  in  the 
literature.  The  most  complete  study  of 
pyroxene  in  Mid-Atlantic  Ridge  basalt 
appears  to  be  that  reported  by  Muir  and 
Tilley    (1964)    from   relatively   alkaline 


basalt  collected  near  45°N.  They  noted 
the  lack  of  orthopyroxene  in  these  rocks 
and  commented  on  the  remarkably  high 
A1203  contents  and  the  tendency  of 
pyroxene  from  the  most  alkaline  basalt 
varieties  to  be  more  titaniferous. 

Pyroxene  microphenocrysts  were  found 
in  basalt  from  JOIDES  leg  3,  station  15, 
and  feathery  or  fern-like  groundmass 
pyroxene  of  sufficient  size  for  analysis 
was  found  in  the  basalt  from  JOIDES 
leg  11,  station  105    (Figs.   18  and  19). 


Fig.  18.  Sector-zoned  augite  in  sample  J-3- 
15-10.  Sectors  a  and  b  correspond  to  analyses 
2a  and  2b  in  Table  21.  Sector  a  is  interpreted 
to  be  grown  on  {101}  or  {011},  and  sector  b  is 
interpreted  to  be  grown  on  {001}  or  {010}; 
problems  of  crystallographic  orientation  are 
similar  to  those  reported  by  Hollister  and  Har- 
graves  (1970,  p.  545).    X400. 
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Fig.   19.    Feathery   groundmass   pyroxene   in 
sample  J-ll-105.    X400. 


The  microprobe  analyses  (Table  21) 
show  A1203  in  the  range  4—8%,  as  noted 
by  Muir  and  Tilley  (1964).  Some  py- 
roxenes are  also  remarkably  high  in 
Cr203.  The  groundmass  pyroxene  from 
JOIDES  station  105  is  the  more  alumi- 
nous and  contains  more  titanium,  re- 
sembling the  pyroxene  of  the  more 
alkaline  basalt  discussed  by  Muir  and 
Tilley  (1964),  although  analysis  of  the 
glass  indicated  that  this  basalt  is  rela- 
tively low  in  alkali.  It  is  possible 
that  the  higher  A1203  is  due  partly  to 
disequilibrium  crystallization  in  the 
quenched  groundmass  and  may  not  be  a 
reliable  guide  to  the  chemical  character 
of  the  rock.    In  general,  A1203  is  posi- 


tively correlated  with  Ti02  and  nega- 
tively correlated  with  Si02.  Similar 
relations  have  been  observed  in  analyses 
of  other  pyroxenes  from  JOIDES  legs  2 
and  3  (W.  G.  Melson,  personal  com- 
munication, 1972) .  Crystallization  of 
such  alumina-rich  pyroxene  should  tend 
to  produce  peralkaline  residual  liquids, 
as  suggested  previously  (Year  Book  68, 
pp.  194-200). 

Sector  zoning  can  be  detected  in  many 
of  the  microphenocrysts,  both  optically 
(Fig.  18)  and  in  the  microprobe  data 
(Table  21,  columns  2a,  2b).  Many  of 
the  pyroxene  crystals  in  the  basalt  from 
JOIDES  leg  3,  station  15,  resemble  the 
lunar  pyroxene  described  by  Hollister 
and  Hargraves  (1970),  and  the  composi- 
tional variations  between  sectors  are 
similar  to  those  reported  by  them.  The 
presence  of  these  sector-zoned  pyroxenes 
in  water-quenched  submarine  basalt 
supports  their  conclusion  that  this  type 
of  zoning  indicates  crystallization  from 
a  supercooled  magma. 

Plagioclase 

Petrographic  studies  have  revealed 
complex  growth  forms  in  groundmass 
plagioclase  (Bryan,  1972).  Sector  zon- 
ing, which  has  not  previously  been  re- 


TABLE  21.    Microprobe  Analyses  of  Pyroxenes  in  Submarine  Basalts 


1 

2a 

26 

3 

Si02 

52.8 

53.3 

50.6 

49.6 

Ti02 

0.61 

0.66 

1.19 

1.40 

AI2O3 

2.61 

2.39 

4.26 

5.40 

FeO 

5.42 

7.21 

6.66 

9.76 

MnO 

0.18 

0.23 

0.20 

0.25 

MgO 

16.9 

18.3 

16.1 

14.0 

CaO 

20.3 

16.3 

19.5 

18.8 

Na20 

0.27 

0.21 

0.31 

0.29 

Cr203 

0.63 

0.42 

0.80 

0.19 

Totals 

99.72 

99.02 

99.62 

99.69 

1.  Sample  J-3-15-10,  South  Atlantic.    Large  unzoned  microphenocryst. 

2.  Sample  J-3-15-10,  South  Atlantic.    Sector-zoned  microphenocryst ;  2a  and  2b  refer  to  sectors 
a  and  b,  respectively,  in  Fig.  18. 

3.  Sample  J-ll-105,  western  Atlantic  margin.  Groundmass  pyroxene  "feathers,"  average  of  three 
grains  (see  Fig.  19). 
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Fig.  20.  Sector-zoned  groundmass  plagioclase 
in  sample  AII-60-5.  Faces  parallel  to  long  di- 
mension are  {010}.  Faces  on  short  dimension 
are  {001}.    X400. 


Fig.  21.  Sector-zoned  core  in  plagioclase 
microphenocryst  in  sample  J-2-11A,  showing  ap- 
parent growth  on  {021}  (short  dimension)  and 
on  {010}  (long  dimension).    X80. 


ported  in  plagioclase,  has  proved  to  be  a 
common  feature  in  submarine  basalts. 
Sectors  develop  on  {001},  {021},  and 
{010}  and  are  usually  observed  in 
groundmass  plagioclase  microlites  (Fig. 
20),  but  in  this  study  sectors  were  also 
observed  in  microphenocrysts  (Figs.  21 
and  22).  In  these,  it  is  associated  with 
core  regions,  also  showing  conspicuous 
oscillatory  zoning.  All  of  these  plagio- 
clases  show  relatively  high  but  variable 
contents  of  Fe  and  Mg,  and  in  the  sector- 
zoned  examples  the  {010}  sectors  usually 
contain  more  Fe  and  Mg  than  the  {001} 
or  {021}  sectors  (Table  22).   The  {010} 


Fig.  22.  Sector-zoned  plagioclase  micropheno- 
cryst in  sample  J-3-15-10,  showing  growth  on 
{010}  (long  dimension)  and  on  {001}  and 
{021}.    X80. 


TABLE  22.   Compositions  of  Sector-Zoned  Plagioclase* 


-{021  ^  and  \  001  \  Sectors 

-1 010  j-  Sector 

Samplef 

FeO 

MgO 

FeO/ 
(FeO  + 
MgO) 

An 

FeO 

MgO 

FeO/ 
(FeO  + 
MgO) 

An 

J-2-11AQ) 

0.41 

0.20 

0.67 

79.0 

0.41 

0.19 

0.68 

81.0 

J-2-llA(2) 

0.37 

0.21 

0.64 

77.0 

0.38 

0.19 

0.67 

80.0 

J-11-105U) 

0.72 

0.41 

0.64 

71.0 

0.81 

0.50 

0.62 

73.0 

J-ll-105(2) 

0.66 

0.39 

0.63 

70.5 

0.79 

0.49 

0.62 

71.5 

CH43-104-14 

0.64 

0.43 

0.59 

67.5 

0.75 

0.54 

0.58 

71.5 

AII-60-2(l) 

0.83 

0.35 

0.70 

59.0 

0.94 

0.43 

0.69 

62.5 

AII-60-2(2) 

0.74 

0.36 

0.67 

60.0 

0.81 

0.42 

0.66 

63.0 

*  Anorthite  in  mole  % ;  FeO  and  MgO  in  wt  %.  Data  based  on  microprobe  analysis  for  Si,  Al,  Ti, 
Fe,  Mg,  Ca,  Na,  K,  Mn. 
t  J,  JOIDES;  CH,  Chain;  All,  Atlantis  II. 
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sector  also  is  the  more  calcic,  usually 
containing  2-4  mole  %  more  anorthite 
than  the  {001}  and  {021}  sectors.  Al- 
though differences  in  FeO  and  MgO  con- 
tents between  sectors  are  small,  the 
means  generally  differ  by  more  than  3o- 
and  thus  are  probably  significant.  Dif- 
ferences in  optical  relief  and  extinction 
angles  are  also  consistent  with  the  com- 
positional differences  indicated  by  the 
microprobe  analyses. 

Although  there  is  a  positive  correla- 
tion between  Fe,  Mg,  and  anorthite 
within  individual  sector-zoned  crystals, 
this  relation  does  not  appear  in  sample- 
to-sample  variations  (Table  22)  or  in 
phenocryst-groundmass  and  core-rim 
pairs  (Table  23).  Typically,  the  pheno- 
cryst  or  core  plagioclase  is  the  more 
anorthite  rich  but  contains  lower  total 
FeO  and  MgO  and  may  have  a  lower 
FeO/ (FeO  +  MgO)  ratio.  It  should  be 
noted  that  the  sample  from  JOIDES  site 
2-11 A  does  not  show  a  significant  dif- 
ference in  Fe  and  Mg  contents  between 
sectors  although  these  do  differ  in 
anorthite  content.  In  this  sample  all 
growth  appears  to  have  been  on  the 
{021}  and   {010}  sectors,  and  evidently 


there  has  been  no  partitioning  of  Fe  and 
Mg  between  them.  Quaide  (1972)  dis- 
cussed Fe  and  Mg  in  lunar  plagioclase 
and  suggested  that  entry  of  these  cations 
into  plagioclase  is  passive  and  should 
reflect  the  total  FeO  +  MgO  and 
FeO/ (FeO  +  MgO)  ratio  of  the  coexist- 
ing magma. 

The  data  presented  here  cannot  read- 
ily be  interpreted  either  in  terms  of  an 
iron-anorthite  "molecule"  or  in  terms  of 
passive  entry  of  Fe  and  Mg  into  the 
plagioclase  structure.  Some  other  ob- 
servations on  terrestrial  and  extrater- 
restrial plagioclase  may  be  relevant  to 
the  data  from  submarine  basalt.  Taylor, 
Kullerud,  and  Bryan  (1971)  suggested 
that  Fe  probably  substitutes  for  Al  in 
lunar  plagioclase,  as  assignment  of  Fe  to 
the  Z-group  cations  gives  the  best  over- 
all formula  distribution  of  cations.  Moss- 
bauer  study  of  lunar  and  terrestrial 
plagioclase  (Hafner,  Virgo,  and  War- 
burton,  1971)  shows,  however,  that  iron 
probably  does  not  occupy  regular  struc- 
tural sites  but  exists  at  irregular  site 
vacancies  and  lattice  defects  in  lunar 
plagioclase,  and  similar  results  might 
be   expected   for   terrestrial   plagioclase. 


TABLE  23.   Compositions  of  Phenocryst-Groundmass  and  Core-Rim  Plagioclase 
in  Submarine  Basalts* 


Sample  f 


An 


FeO + MgO 

FeO/(FeO  +  MgO) 

0.98 

0.60 

1.18 

0.59 

0.69 

0.70 

0.92 

0.74 

0.61 

0.68 

0.73 

0.66 

0.57 

0.64 

0.67 

0.66 

0.65 

0.71 

1.13 

0.60 

1.22 

0.63 

1.16 

0.63 

CH43-104-14  (P) 
CH43-104-14  (M) 

73.4 
69.5 

J-3-15-10  (P) 
J-3-15-10  (M) 

71.5 
66.0 

J-2-11A  (1)  (C) 
J-2-11A  (1)  (R) 

80.0 
70.5 

J-2-11A  (2)  (C) 
J-2-11A  (2)  (R) 

78.5 
70.0 

J-1 1-105  (P) 
J-ll-105  (M) 
J-1 1-105  (Mc) 
J-ll-105  (Mc) 

85.0 
74.0 
71.0 
70.5 

*  All  compositions  based  on  microprobe  analysis  for  Si,  Al,  Ti,  Fe,  Mg,  Ca,  Na,  K,  Mn.  Data 
for  sector-zoned  samples  are  means  of  {001}  or  {021}  and  {010}  sectors.  Anorthite  in  mole  %; 
FeO  and  MgO  in  wt  %. 

tP,  phenocryst;  M,  microphenocryst;  C,  core;  R,  rim;  Mc,  microlite. 
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Bryan  and  Kullerud  (Year  Book  69, 
p.  277)  suggested  that  divalent  calcium, 
magnesium,  and  iron  might  be  accommo- 
dated by  a  formula  unit  of  the  type 
Ca(Mg,Fe)Si308.  The  positive  correla- 
tion of  Mg  and  Fe  with  increasing  albite 
content  observed  in  this  study  would  be 
consistent  with  a  formula  unit  of  the 
type  (Mg,Fe)  (Fe,Mg)Si308,  with  diva- 
lent Mg  and  Fe  randomly  distributed 
among  potential  Na  and  Al  sites.  Ferric 
iron  can,  of  course,  be  accommodated  by 
1:1  substitution  for  Al.  If  the  Mossbauer 
data  on  lunar  plagioclase  are  applicable 
to  these  terrestrial  examples,  it  would 
seem  inappropriate  to  visualize  distinct 
"molecules";  rather,  vacancies  in  normal 
Na  and  Al  sites  could  be  balanced  by 
sufficient  substitution  of  divalent  Fe  and 
Mg  in  nearby  lattice  defects  to  maintain 
overall  charge  balance  and  would  be 
consistent  with  the  Mossbauer  data.  It 
is  not  immediately  obvious  why  Fe  and 
Mg  prefer  the  {010}  faces  in  sector- 
zoned  plagioclase.  Because  this  prefer- 
ence is  contrary  to  the  compositional 
relations  observed  in  the  phenocryst- 
groundmass  and  core-rim  pairs,  it  does 
imply  some  gross  structural  control  over 
site  preferences  within  a  crystal  in  equi- 
librium with  a  liquid  of  given  total 
Fe  +  Mg  content. 

Origin  of  Some  Abyssal  Tholeiites 
from  the  Mid-Atlantic  Ridge 

/.  Kushiro  and  R.  N.  Thompson 

Melting  experiments  on  two  different 
abyssal  (oceanic)  tholeiites  from  the 
Mid-Atlantic  Ridge  suggest  tha|t  the  de- 
rivation of  the  low-alumina  olivine- 
tholeiite  magma  from  a  more  mafic 
magma  or  a  mantle  peridotite  is  limited 
to  depths  shallower  than  25  km,  and  that 
the  high-alumina  plagioclase-tholeiite 
magma  would  have  been  formed  in  the 
presence  of  a  small  amount  of  water. 

Abyssal  tholeiite,  which  extensively 
covers  the  bottom  of  the  ocean  (Engel, 
Engel,  and  Havens,  1965)  is  supposed  to 


be  the  most  important  rock  type  of  the 
oceanic  upper  crust.  Its  origin  is  related 
to  problems  of  the  evolution  of  the  oceanic 
crust  and  sea-floor  spreading.  Recently, 
Miyashiro,  Shido,  and  Ewing  (1969) 
have  distinguished  two  different  abyssal 
tholeiite  types  at  the  Mid-Atlantic  Ridge 
near  24°  and  30°  N  latitude— low- 
alumina  olivine  (01)  tholeiite,  in  which 
olivine  is  the  first  mineral  to  crystallize, 
and  high-alumina  plagioclase  (PI)  tho- 
leiite, in  which  plagioclase  crystallizes 
first.  To  determine  the  origin  of  these 
two  different  tholeiites,  melting  experi- 
ments have  been  carried  out  at  pressures 
between  1  atm  and  12  kb  on  two  repre- 
sentative specimens   (Table  24). 

The  lavas  chosen  for  the  experiments, 
which  are  almost  devoid  of  phenocrysts, 
were  supplied  by  Professor  A.  Miyashiro. 
The  PI  tholeiite  (sample  T-89)  has  a 
groundmass  dominated  by  subvarjolitic 
plagioclase  laths,  up  to  1  mm  long  and 
0.1  mm  wide.  These  are  all  skeletal, 
showing  hollow  cross  sections  and  "swal- 
low-tail" terminations.  This  texture  is 
indicative  of  rapid  growth  of  plagioclase 
during  post-eruption  quenching  of  the 
magma.  Equant,  euhedral  olivines  up  to 
0.2  mm  long  are  scattered  through  the 
much  more  abundant  plagioclase  mesh- 
work.  The  interstitial  areas  are  filled 
with  intergrown  skeletal  sheaves  of  pla- 
gioclase, olivine,  and  lesser  amounts  of 
clinopyroxene,  Fe/Ti  oxide,  and  brown 
glass.  Within  our  thin  section  (2.5  cm2 
area)  there  are  six  microphenocrysts  of 
plagioclase.  These  are  equant,  up  to 
0.8  mm  long,  and  show  the  "xenocryst" 
features  listed  by  Muir  and  Tilley 
(1964) — rounded,  unzoned  calcic  cores 
surrounded  by  thin  sodic  rims  with 
skeletal  outgrowths  into  the  groundmass. 
Our  thin  section  also  contains  a  single 
0.5-mm,  equant,  euhedral  olivine  micro- 
phenocryst.  This  lava  bears  a  striking 
textural  resemblance  to  lunar  high- 
alumina  basalt  14310,  except  that  pheno- 
cryst  and  groundmass  plagioclase  in  the 
former  are  much  more  easily  distin- 
guished. 
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TABLE  24.   Analyses  of  the  Abyssal  Tholeiites  Used  in  the  Experiments  and  Phases  Crystallized 

from  Them  at  High  Pressures 


T-87 

T-87 

T-87 

T-87 

T-89 

10  kb/dry 

10  kb/dry 

7.5  kb/dry 

7.5  kb/dry 

7.5  kb/wet 

T-87* 

T-89* 

1225°C 

1225°C 

1210°C 

1210°C 

1165°C 

Plag 

Cpx 

Cpx 

Ca-poor  Px 

Cpx 

Si02 

49.68 

49.89 

51.5 

51.3 

51.7 

56.2 

47.8 

Ti02 

1.55 

1.35 

0.1 

0.8 

0.7 

0.2 

1.5 

AI2O3 

15.49 

16.70 

28.8 

5.8 

4.8 

1.9 

6.7 

Cr203 

nil 

0.3 

0.2 

0.2 

0.7 

Fe203 

0.92 

1.55 

FeO 

8.25 

7.75 

0.8f 

9.5f 

7.7t 

9.0f 

7.5t 

MnO 

0.18 

0.19 

nil 

0.3 

0.2 

0.2 

0.2 

MgO 

9.17 

7.44 

0.4 

18.0 

19.2 

27.3 

14.7 

CaO 

10.61 

10.90 

13.2 

13.8 

15.0 

4.4 

19.7 

Na20 

2.88 

3.01 

3.6 

0.4 

0.3 

0.2 

0.5 

K20 

0.11 

0.23 

tr 

nil 

nil 

nil 

nil 

H20+ 

0.35 

0.62 

H20- 

0.21 

0.19 

P206 

0.14 

0.15 

0.1 

98.5 

tr 

tr 
99.8 

99.6 

tr 

Totals 

99.54 

99.97 

100.2 

99.3 

Or     0.1 

Ca  29.8 

31.5 

8.9 

42.8 

Ab  33.1 

Mg  54.2 

56.0 

76.9 

44.5 

An  66.8 

Fe   16.0 

12.5 

14.2 

12.7 

*T-87,  01  tholeiite;  T-89.  PI  tholeiite   (Miyashiro,  Shido,  and  Ewing,  1969,  Table  3). 
t  Total  Fe  as  FeO. 


The  01  tholeiite  (sample  T-87)  is  per- 
haps coarse  enough  to  be  termed  a 
dolerite.  The  texture  is  again  subvarioli- 
tic,  but  with  plagioclase  laths  up  to  4  mm 
long  and  0.5  wide.  Most  of  these  laths 
contain  elongated  pyroxene  inclusions, 
suggesting  that  they  were  once  hollow. 
The  phases  accompanying  the  plagio- 
clase are  olivine,  in  plentiful  equant 
euhedra  up  to  1  mm  long,  and  Ca- 
rich  clinopyroxene,  in  coarse  interstitial 
sheaves  enclosing  Fe/Ti  oxides.  The 
4-cm2  thin  section  contains  a  single 
equant,  euhedral,  unzoned  phenocryst  of 
olivine  3  mm  long. 

Sample  T-89  is  one  of  a  suite  of 
abyssal  lavas  whose  melting  behavior  at 
1  atm  has  been  studied  by  Tilley, 
Thompson,  and  Lovenbury  (1972).  Using 
1-hour  runs  in  Pt  capsules  in  an  argon 
atmosphere,  the  crystallization  sequence 
of  this  lava  was  found  to  be  PI  (1213°  ± 
2°C),    01    (1202°    ±    3°C),    and   Cpx 


(1160°  ±  5°C).  The  1-atm  melting  be- 
havior of  T-87  is  unknown.  It  is  clear 
from  the  high-pressure  data  (shown  be- 
low) and  microscopic  observations,  how- 
ever, that  the  liquidus  phase  at  1  atm  is 
olivine,  probably  followed  by  plagioclase 
and  augite,  in  that  order. 

The  high-pressure  experiments  were 
conducted  in  a  piston-cylinder  apparatus 
by  the  piston-out  technique.  The  error 
of  the  pressure  measurements  may  be 
±1  kb  for  the  runs  made  at  pressures 
lower  than  10  kb;  however,  the  phase 
relations  would  not  change  significantly 
with  this  amount  of  error,  because  the 
change  of  the  phase  assemblage  in  this 
pressure  range  is  not  very  sensitive  to 
pressure.  For  the  anhydrous  runs,  the 
charges  were  heated  at  about  1000 °C  for 
a  minute  in  graphite  capsules,  whereas 
for  the  hydrous  runs,  the  samples  had 
been  dried  at  110°C  before  they  were 
sealed  in  Pt  capsules. 
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The  results  of  the  experiments  on  the 
olivine  tholeiite  are  shown  in  Fig.  23A. 
The  liquidus  phase  is  olivine  up  to  about 
7  kb  and  clinopyroxene  at  higher  pres- 
sures. Plagioclase  crystallizes  at  lower 
temperatures.  At  about  7.5  kb,  olivine, 
Ca-rich  clinopyroxene,  long  prismatic 
Ca-poor  pyroxene  (most  probably  ortho- 
pyroxene),  and  plagioclase  (analyses 
given  in  Table  24)  crystallize  within  a 
temperature  interval  of  10°.  These  re- 
sults suggest  that  the  derivation  of  the 
olivine-tholeiite    magma    from    a    more 


mafic  (olivine-rich)  magma  or  a  mantle 
peridotite  (lherzolite)  is  possible  but  is 
limited  to  depths  shallower  than  25  km 
(<8  kb)  under  anhydrous  conditions. 
For  the  plagioclase-tholeiite  composi- 
tion, plagioclase  is  on  the  liquidus  from 
1  atm  up  to  about  7  kb  and  is  replaced 
by  clinopyroxene  (analyses  given  in 
Table  24)  at  higher  pressures  (Fig.  23B). 
Olivine  is  not  on  the  liquidus  at  any 
pressure. 

Because  this  plagioclase  tholeiite  con- 
tains   only    0.7    volume    %    plagioclase 
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Fig.  23.  Results  of  experiments  on  abyssal  tholeiites  of  (A)  olivine-tholeiite  type  (T-87)  and 
(B)  plagioclase-tholeiite  type  (T-89).  Circles  indicate  the  runs  made  with  1.5-2.3  wt  %  H20 
(open  circles,  glass;  solid  circles,  crystals  and  glass).  Abbreviations:  Cpx,  Ca-rich  clinopyroxene; 
L,  liquid;  PI,  plagioclase;  01,  olivine.  Dashed  lines  A  and  B  are  possible  ascending  paths  of 
magmas  of  the  olivine  and  plagioclase  tholeiites,  respectively.  The  field  for  Ca-poor  pyroxene 
crystallization  in   (A)  has  not  been  determined. 
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phenocrysts  (Shido,  Miyashiro,  and 
Ewing,  1971),  it  is  unlikely  that  the 
high-plagioclase  liquidus  is  due  to  ac- 
cumulation of  plagioclase.  Miyashiro, 
Shido,  and  Ewing  (1969)  have  suggested, 
on  the  basis  of  the  hypothesis  of  Green 
and  Ringwood  (19676)  for  the  origin  of 
high-alumina  basalt,  that  the  plagioclase 
tholeiite  may  be  formed  by  anhydrous 
fractional  crystallization  of  a  primary 
magma  of  olivine  tholeiitic  composition 
at  a  depth  of  about  30  km.  The  hy- 
pothesis of  Green  and  Ringwood,  how- 
ever, does  not  explain  the  lack  of 
liquidus  olivine  at  all  pressures  in  this 
particular  plagioclase  tholeiite.  One  pos- 
sibility is  that  the  magma  of  this  lava 
was  formed  under  hydrous  conditions. 
The  temperature  of  plagioclase  crystal- 
lization is  much  lowered  relative  to 
mafic  silicate  minerals  at  high  water 
pressures  (Yoder  and  Tilley,  1962).  Pre- 
liminary experiments  on  the  plagioclase 
tholeiite  (0.62  wt  %  H20+)  made  with 
0.9-1.7%  H20  (total  H20  =  1.5-2.3  wt 
%)  in  sealed  Pt  capsules  show  a  signifi- 
cant drop  in  the  crystallization  tem- 
perature of  plagioclase.  At  about  5  kb, 
olivine,  clinopyroxene,  and  plagioclase 
crystallize  within  a  temperature  interval 
of  10°  (Fig.  23B) .  The  color  of  the  glass 
in  these  run  products  is,  however,  slightly 
brownish  compared  with  pale  green  in 
the  anhydrous  run  products,  suggesting 
that  some  oxidation  may  have  occurred 
during  the  run.  Also  some  iron  may  have 
been  lost  to  Pt  capstfles,  although  the 
runs  were  made  at  relatively  low  tem- 
peratures and  were  of  short  duration. 
Therefore,  the  results  should  not  be  di- 
rectly compared  with  those  of  the  an- 
hydrous runs.  Even  if  these  effects  are 
taken  into  account,  olivine  is  likely  to 
crystallize  on  or  near  the  liquidus  at 
pressures  between  5  and  8  kb  in  the  pres- 
ence of  a  small  amount  (< — '  2  wt  %)  of 
water.  It  is  suggested,  therefore,  that  the 
plagioclase-tholeiite  magma  formed  from 
a  more  mafic  magma  or  a  mantle  perido- 
tite  at  depths  of  15-25  km  in  the  pres- 
ence of  a  small  amount  of  water.    The 


source  of  the  water  in  the  plagioclase- 
tholeiite  magma  is  not  known.  It  may 
have  been  derived  from  the  relatively 
shallow  part  of  the  mantle  by  breakdown 
of  hydrous  minerals. 

Melting  Behavior  of  Two  Snake  River 
Lavas  at  Pressures  up  to  35  kb 

R.  N.  Thompson 

Recently  some  speculations  have  been 
made  (Thompson,  1972)  based  on  the 
proposal  that  the  available  chemical  data 
on  many  of  the  world's  most  carefully 
studied  lava  suites  do  not  support  the 
widely  accepted  hypothesis  that  con- 
tinuous variation  links  basalts  to  more 
evolved  lavas,  such  as  hawaiites  and 
tholeiitic  andesites.  A  petrogenetic  model 
was  discussed,  in  which  the  evolved 
magmas  originated  as  filter-pressed  in- 
terstitial liquids  within  partially  crystal- 
lized bodies  of  basaltic  magma.  It  was 
suggested  that  a  stage  of  partial  in 
situ  crystallization  occurred  during  the 
source-to-surface  uprising  of  many  ba- 
saltic magmas.  This  occurrence  resulted 
in  discontinuous  sampling  of  the  liquids 
generated  during  their  continuous  frac- 
tional crystallization,  so  that  only  two 
types  of  magma  tended  to  be  erupted, 
relatively  unmodified  basalts  and  the 
highly  evolved  residua  of  the  in  situ 
crystallization  process.  It  appeared  that 
in  several  suites  the  process  might  have 
taken  place  at  high  pressures,  a  matter 
that  can  be  tested  experimentally. 

Lavas  from  the  Snake  River  plains, 
southern  Idaho,  were  chosen  for  the 
study.  This  large  Pliocene  to  Recent 
olivine-tholeiite  flood  province  contains 
several  intercalations  of  iron-enriched, 
andesine-normative  lavas,  notably  in  the 
King  Hill  urban  area  and  the  Craters  of 
the  Moon  National  Monument  (Malde 
and  Powers,  1962;  Stone,  1970).  Avail- 
able chemical  data  show  a  distinct 
hiatus  between  the  compositions  of  the 
basalts  and  andesine-normative  lavas 
that    cannot   be    bridged    by    fractional 
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crystallization  of  the  phases  that  form 
phenocrysts  in  the  basalts,  namely  oli- 
vine and  plagioclase  (Stone,  1970;  Tilley 
and  Thompson,  1970). 

The  compositions  of  the  chosen  lavas 
define  the  gap,  so  far  as  known  at  pres- 
ent, in  the  chemical  variation  of  the 
Snake  River  lavas.  Compositions  more 
magnesian  than  the  basalt  and  less  mag- 
nesian  than  the  andesine-normative  lava 
are  abundant.  If  the  andesine-normative 


lavas  were  derived  by  crystal-liquid 
fractionation  from  magmas  close  in  com- 
position to  the  chosen  basalt  or  to  their 
predecessors  within  the  upper  mantle, 
then  a  study  of  the  crystallization  of  the 
basalt  as  a  function  of  pressure  should 
give  some  clues  to  the  process. 

Chemical  analyses  of  the  studied  lavas 
and  the  constituent  phases  of  the  basalt 
are  given  in  Tables  25  and  26.  The  rocks 
are  U.  S.  Geological  Survey  specimens, 


TABLE  25.  Analyses  and  CIPW  Norms  of  Snake  River  Lavas  and  Glasses  Produced  by  the 
Partial  Crystallization  of  Basalt  59-P-13  at  High  Pressures* 


1 

2 

3 

4 

5 

Si02 

47.76 

47.99 

47.17 

46.4 

50.9 

A1203 

14.93 

13.24 

13.34 

13.2 

14.4 

Fe203 

1.36 

1.61 

2.54 

FeO 

12.37 

13.60 

12.93 

17.4f 

13.5f 

MnO 

0.20 

0.23 

0.23 

0.40 

MgO 

6.70 

5.32 

4.42 

5.28 

3.80 

CaO 

9.41 

9.56 

7.68 

8.37 

7.22 

Na20 

2.62 

2.64 

3.40 

2.64 

3.41 

K20 

0.75 

0.91 

2.00 

1.25 

1.43 

H20+ 

nil 

0.03 

0.33 

H20- 

0.03 

0.02 

0.15 

Ti02 

3.03 

3.99 

4.15 

4.66 

4.13 

P206 

0.53 

0.69 

1.39 

0.91 

1.00 

C02 

0.01 

0.04 

Totals 

99.70 

99.83 

99.77 
Norms 

100.5 

99.8 

Q 

1.1 

or 

4.45 

5.56 

11.68 

7.4 

8.5 

ab 

22.01 

22.53 

28.82 

22.3 

28.9 

an 

26.69 

21.13 

15.01 

20.5 

19.8 

di 

13.57 

18.31 

11.63 

12.7 

8.0 

hy 

15.49 

18.33 

8.02 

11.5 

23.4 

ol 

8.37 

2.41 

9.15 

15.1 

il 

5.78 

7.61 

7.90 

8.9 

7.8 

mt 

2.09 

2.32 

3.71 

ap 

1.34 

1.68 

3.36 

2.1 

2.3 

ct 

0.04 

0.10 

*  Calculated  modes  (Bryan,  Finger,  and  Chayes,  1969)  of  the  experimental  run  products  are : 
8  kb,  1150°C:  glass  60,  plagioclase  21,  clinopyroxene  16,  olivine  3wt%;  26  kb,  1325°C:  glass  52, 
clinopyroxene  31,  garnet  17  wt  %. 

t  All  Fe  as  FeO. 

1.  Olivine  tholeiite  (59-P-13),  McKinney  basalt;  analyst:  D.  F.  Powers,  U.  S.  Geological  Sur- 
vey (Tilley  and  Thompson,  1970). 

2.  59-P-13,  interstitial  glass;  analyst:  D.  F.  Powers,  U.  S.  Geological  Survey  (Tilley  and 
Thompson,  1970). 

3.  Andesine-normative  lava  (OB  32),  King  Hill;  analyst:  P.  Montalto,  U.  S.  Geological  Survey 
(Tilley  and  Thompson,  1970). 

4.  Glass  from  partial  fusion  of  59-P-13  at  8  kb  and  1150°C.  Microprobe  analysis  by  R.  N. 
Thompson. 

5.  Glass  from  partial  fusion  of  59-P-13  at  26  kb  and  1325°C.   Microprobe. 
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TABLE  26.   Phases  Forming  Phenocrysts  in  Snake  River  Basalt  59-P-  13  and  Crystallizing  from 

This  Composition  at  High  Pressure 


1 

2 

3 

4 

5 

6 

7 

Si02 

37.3 

52.7 

36.9 

55.6 

48.0 

48.8 

39.9 

A1203 

0.01 

29.4 

0.11 

27.2 

5.45 

11.8 

21.2 

Cr203 

0.35 

0.13 

0.01 

FeO* 

24.4 

0.54 

33.2 

0.28 

14.3 

11.4 

19.7 

MnO 

0.39 

0.03 

0.30 

0.21 

0.20 

0.59 

MgO 

36.3 

0.14 

30.7 

0.05 

16.5 

10.6 

10.7 

CaO 

0.29 

13.4 

0.39 

10.14 

12.8 

13.1 

7.47 

Na20 

3.93 

5.40 

0.34 

2.29 

0.11 

K20 

0.20 

0.57 

0.03 

0.02 

Ti02 

0.05 

0.14 

0.17 

0.10 

1.96 

1.45 

1.88 

Totals 

98.8 

100.5 

101.8 

99.3 

99.9 

99.8 

101.5 

0=4 

0=32 

0=4 

0=32 

0  =  6 

0  =  6 

0  =  24 

Si 

1.00 

9.56 

0.99 

10.08 

1.80 

1.80 

5.93 

Al 

6.28 

5.80 

0.24 

0.51 

3.71 

Cr 

0.01 

Ti 

0.02 

0.01 

0.06 

0.04 

0.21 

Fe 

0.54 

0.08 

0.75 

0.04 

0.45 

0.35 

2.45 

Mn 

0.01 

0.01 

0.01 

0.01 

0.07 

Mg 

1.45 

0.04 

1.23 

0.01 

0.92 

0.58 

2.38 

Ca 

0.01 

2.60 

0.01 

1.99 

0.51 

0.52 

1.19 

Na 

1.38 

1.89 

0.02 

0.16 

0.03 

K 

0.04 

0.13 

2 

3.01 

20.00 

2.99 

19.95 

4.02 

3.97 

15.97 

*  All  Fe  as  FeO. 

1.  Olivine  phenocryst  (core).    Microprobe  analysis  by  R.  N.  Thompson. 

2.  Plagioclase  phenocryst   (core).    Microprobe. 

3.  8  kb  and  1150CC  for  4.5  hours;  olivine.    Microprobe. 

4.  8  kb  and  1150CC  for  4.5  hours;  plagioclase.    Microprobe. 

5.  8  kb  and  1150°C  for  4.5  hours;  clinopyroxene.   Microprobe. 

6.  26  kb  and  1325°C  for  3  hours;  clinopyroxene.   Microprobe. 

7.  26  kb  and  1325°C  for  3  hours;  garnet.   Microprobe. 


obtained  through  the  kind  offices  of  G.  T. 
Stone  and  T.  L.  Wright.  The  experi- 
ments were  carried  out  in  graphite  cap- 
sules (Thompson  and  Kushiro,  this  re- 
port) in  solid-media  piston-and-cylinder 
apparatus  using  conventional  techniques 
(Boyd  et  al,  Year  Book  65,  pp.  410-414) . 
The  starting  materials  were  anhydrous 
rock  powders;  run  times  varied  from  30 
minutes  to  6  hours.  Figures  24  and  25 
summarize  the  results,  which  resemble 
those  obtained  in  previous  studies  of  the 
melting  behavior  of  basalts  (e.g.,  Green 
and  Ringwood,  19676;  Cohen,  Ito  and 
Kennedy,  1967;  O'Hara  et  al,  1970; 
Kushiro  et  al,  1971;  Green  et  al,  1971). 
A     discussion     of     detailed     differences 


would  be  irrelevant  to  the  purpose  of  this 
study.  Features  of  interest  in  Figs.  24 
and  25  are: 

1.  The  melting  interval  of  both  com- 
positions is  smallest  (-• — ■  100°C)  at 
pressures  between  5  and  10  kb  and  rela- 
tively large  at  high  (>  25  kb)  pressures. 
The  solidi  of  these  iron-rich  composi- 
tions are  less  difficult  to  locate  than  those 
of  more  magnesian  lavas  because  they 
melt  to  dark  brown  glasses  that  may 
easily  be  observed  when  present  in  small 
quantities. 

2.  Both  olivine  and  plagioclase  persist 
to  relatively  high  pressures  at  near- 
solidus  temperatures  in  these  iron-  and 
alkali-rich  lavas. 
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Press  ure,  kb 

Fig.  24.  P-T  diagram  for  Snake  River  olivine  tholeiite  59-P-13.  Abbreviations:  Cpx,  clino- 
pyroxene;  Gt,  garnet;  Ilm,  ilmenite;  L,  liquid;  Mt,  magnetite;  01,  olivine;  PI,  plagioclase;  Qz, 
quartz;  Rut,  rutile;  San,  sanidine. 
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Fig.  25.  P-T  diagram  for  Snake  River  andesine-normative   lava   OB   32.    Abbreviations   as   in 
Fig.  24. 


3.  Fe-Ti  spinel  is  absent  throughout 
the  melting  intervals  of  both  rocks,  ex- 
cept near  the  solidus  of  OB  32  (Fig.  25) 
at  low  pressures.  The  results  of  a  study 
on  the  stability  of  iron  oxides  within 
graphite  capsules  (Thompson  and  Ku- 
shiro,  this  report)  indicate  that  at  all 
temperatures  above  the  near-solidus  re- 


gion of  OB  32  the  experiments  (Figs.  24 
and  25)  were  probably  buffered  by  their 
graphite  capsules  at  oxygen  fugacities 
within  the  stability  field  of  wiistite  in  the 
system  Fe-C-O. 

The  temperature  interval  between  the 
liquidi  of  the  basalt  and  andesine-nor- 
mative lavas  is  approximately  the  same 
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from  1  atm  to  35  kb.  There  are  two  pres- 
sure ranges,  near  8  and  26  kb,  where  the 
liquidus  phases  of  the  andesine-norma- 
tive  lava  correspond  to  those  pre- 
cipitating from  the  basalt  at  the  same 
temperature.  Electron  microprobe  ana- 
lyses of  the  crystalline  phases  and  in- 
terstitial glasses  of  runs  made  on  the 
basalt  at  these  pressures  and  tempera- 
tures are  given  in  Tables  25  and  26.  The 
8-kb  interstitial  glass  (Table  25,  no.  4) 
shows  the  main  chemical  features  of  the 
more  mafic  King  Hill  and  Craters  of  the 
Moon  lavas:  Si02  lower  than  the  basalts, 
high  TiOo,  normative  andesine,  abundant 
normative  olivine,  and  high  Fe  and 
Fe/Mg  ratio.  The  most  noteworthy  dif- 
ferences between  the  8-kb  glass  and  the 
andesine-normative  lavas  are  that  the 
former  contains  appreciably  more  CaO 
and  less  alkalies  and  P2O5  than  the  lat- 
ter. A  possible  explanation  for  these 
features  will  be  outlined  below. 

The  interstitial  glass  formed  at  26  kb 
(Table  25,  no.  5)  is  also  andesine  norma- 
tive but  shows  important  deviations  from 
the  chemistry  of  the  King  Hill  and  Cra- 
ters of  the  Moon  lavas.  It  contains  more 
Si02  and  less  Fe  than  the  Snake  River 
basalts.  The  quenched  glasses  from 
near-solidus  runs  on  the  basalt  at  25  and 
32  kb  contain  55-56%  Si02  and  9-10% 
FeO  (total  Fe  as  FeO).  These  silica 
contents  are  comparable  with  those  of 
the  more  siliceous  Craters  of  the  Moon 
lavas,  but  the  Fe  contents  are  much 
lower.  The  possibility  of  derivation  of 
the  andesine-normative  lavas  from  the 
basalts  by  high-pressure  (>  25  kb) 
"eclogite"  fractionation  is  therefore  re- 
jected. 

Returning  then  to  the  8-kb  model,  it 
is  appropriate  to  consider  whether  the 
small  amount  of  water  that  might  be  ex- 
pected to  occur  in  the  natural  magmas 
could  lessen  the  divergences  between  the 
chemical  trends  in  the  lavas  and  the 
glasses  produced  in  the  anhydrous  ex- 
periments. Although  the  andesine-nor- 
mative lavas  do  not  contain  phenocrysts 


of  hydrous  minerals,  the  cinder  cones  ris- 
ing in  Craters  of  the  Moon  National 
Monument  testify  to  their  gas  content 
when  erupted.  Water  in  the  basalt 
magma  would  lower  the  temperature  of 
appearance  of  plagioclase  relative  to 
olivine  and  clinopyroxene,  causing  the 
magma  to  be  olivine  saturated  at  8  to 
10  kb  and  raising  the  clinopyroxene-to- 
plagioclase  ratio  in  the  precipitated 
phases  (Yoder  and  Tilley,  1962).  Both 
the  plagioclase  and  clinopyroxene  would 
also  probably  be  more  calcic  than  those 
formed  in  the  anhydrous  experiments 
(Yoder,  1969;  Green  and  Hibberson, 
1970).  Thus,  the  residual  liquid  from 
partial  crystallization  of  a  hydrous 
Snake  River  basalt  magma  at  8  kb  would 
probably  contain  less  CaO  and  more 
Na20  and  K20  than  the  interstitial 
glass  of  the  anhydrous  8-kb  experiment 
(Table  25,  no.  4),  bringing  its  composi- 
tion extremely  close  to  those  of  the  more 
mafic  King  Hill  and  Craters  of  the  Moon 
lavas. 

It  is  therefore  concluded  that  the  iron- 
rich  andesine-normative  lavas  of  the 
Snake  River  Plains  originated  by  partial 
(50%  or  more)  in  situ  crystallization  of 
bodies  of  Snake  River  basaltic  magma  at 
pressures  of  about  8  kb.  The  magma 
pools  probably  contained  small  amounts 
of  dissolved  water,  and  the  andesine- 
normative  residua  were  expelled  from 
them  by  filter-pressing  (Thompson, 
1972).  The  crystalline  fraction  separat- 
ing from  the  basalt  consisted  of  clino- 
pyroxene, plagioclase,  and  minor  olivine. 
The  residual  liquids  rose  slowly  enough 
for  any  clinopyroxene  phenocrysts  within 
them  to  dissolve  (Fig.  25)  before  they 
were  erupted.  It  seems  possible  that  the 
K20  and  P205  contents  of  the  andesine- 
normative  lavas  are  too  large  to  be  gen- 
erated by  simple  fractional  crystalliza- 
tion of  Snake  River  basalt,  as  envisaged 
here.  More  data  on  the  abundances  of 
other  minor  elements  in  the  Snake  River 
lavas  might  be  very  effective  in  refining 
the  petrogenetic  models. 
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Origin  of  Calc-Alkalic  Peraluminous 
Andesite  and  Dacites 

I.  Kushiro  and  H.  S.  Yoder,  Jr. 

The  composition  of  the  liquid  formed 
just  above  the  solidus  of  a  spinel 
Iherzolite  assemblage  in  the  system 
CaO-MgO-Al203-Si02-H20  at  10  kb  has 
been  determined  with  the  microprobe 
and  is  found  to  be  andesitic  or  dacitic 
and  to  contain  excess  alumina  (norma- 
tive corundum).  The  results  suggest 
the  formation  of  calc-alkalic  andesite 
magma  from  mantle  peridotite  under 
hydrous  conditions.  The  presence  of  ex- 
cess alumina  in  many  calc-alkalic  an- 
desites  and  dacites  might  be  a  direct 
result  of  initial  crystal-liquid  partition 
under  hydrous  conditions  and  not  sub- 
sequent contamination  with  sediments  of 
the  separated  magma  or  selective  trans- 
fer of  alkalies. 

Yoder's  (Year  Book  69,  pp.  176-182) 
study  of  the  join  diopside  (Di)— pyrope 
(Py)-H20  at  10  kb  has  shown  that  in 
the  presence  of  H20  the  beginning  of 
melting  of  the  peridotite  assemblage 
forsterite  (Fo)  +  orthopyroxene  (Opx) 
+  clinopyroxene  (Cpx)  -f-  spinel  occurs 
at  about  1000  °C,  a  temperature  nearly 
identical    with    that    of    natural    spinel 


Iherzolite,  and  the  liquid  generated  is 
quartz-normative.  Because  this  liquid  is 
relevant  to  the  magmas  formed  by  par- 
tial melting  of  spinel  Iherzolite  (a  pos- 
sible upper  mantle  material)  in  the 
presence  of  H20,  an  attempt  has  been 
made  to  determine  its  composition  with 
the  microprobe.  The  following  three  run 
products  made  at  10  kb  by  Yoder  [Year 
Book  69,  pp.  176-182)  were  chosen  for 
analysis:  Di45Py55,  1025 °C;  Di4oPy6o, 
1100°C;  Di40Py6o,  1025°C.  These  run 
products  consist  of  forsterite,  clinopy- 
roxene, and  glass.  The  results  of  the 
analyses  of  the  glass  (quenched  liquid) 
are  shown  in  Table  27.  The  glass  glob- 
ules, which  are  presumably  quenched 
vapor  (Yoder  and  Kushiro,  1969) ,  were 
not  analyzed.  The  low  total  is  due 
mostly  to  the  presence  of  H20  in  the 
glass.  If  the  deficiency  of  the  total  is  due 
entirely  to  H20,  the  glass  contains  a 
maximum  of  13-15  wt  %  H20.  These 
values  do  not  necessarily  represent  the 
amounts  of  H20  in  the  melt  during  the 
run.  The  analyses  show  that  all  the 
glasses  are  silica-  and  alumina-rich  and 
have  large  amounts  of  normative  quartz 
and  anorthite.  Although  compositions 
consisting  of  only  five  oxide  components 
cannot  be  directly  compared  with  those 


TABLE  27.    The  System  CaO-MgO-Al203-Si02-H20 


DP55  (10  kb 

,  1025°C) 

DP60  (10  kb,  1025°C) 

Glass, 
Glass         recalcu- 
lated, 
H20-free 

DP60  (10 

Glass 

kb,  1100°C) 

Glass 

Glass, 
recalcu- 
lated, 
H20-free 

Cpx 

Fo 

Glass, 
recalcu- 
lated, 
H20-free 

Si02 

50.8 

58.2 

52.4 

42.9 

50.3 

58.8 

47.4 

55.6 

AI2O3 

24.1 

27.6 

7.60 

0.31 

23.0 

26.9 

22.1 

26.0 

MgO 

1.22 

1.40 

18.4 

57.6 

0.58 

0.68 

2.23 

2.62 

CaO 

11.2 

12.8 

21.1 

0.27 

11.6 

13.6 

13.4 

15.8 

Totals 

87.3 

100.0 

99.5 

101.1 

85.5 

100.0 

85.1 

100.0 

Q 

28.6 

Norms 

28.8 

19.6 

An 

63.6 

67.3 

70.8 
3.02 
2.61 

En 

3.48 

1.70 

3.91 

C 

4.28 

2.23 
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of  natural  rocks,  the  Si02  content  (58.2 
wt  %  when  calculated  on  an  H20-free 
basis)  and  the  amounts  of  normative 
quartz  and  plagioclase  are  comparable 
to  those  of  calc-alkalic  andesites.  The 
MgO  content  at  1025  °C  is,  however, 
lower  than  those  of  most  andesites,  even 
if  their  compositions  are  not  recalculated 
to  CaO,  MgO,  A1203,  and  Si02,  and  is 
comparable  to  those  of  dacites.  It  should 
be  mentioned  that  the  glass  formed  at 
1025°C  from  the  two  different  composi- 
tions has  excess  A1203  (normative  corun- 
dum). The  glass  formed  at  1100°C  has 
higher  MgO  and  CaO,  lower  A1203,  and 
no  excess  alumina.  The  results  indicate 
that  the  liquid  coexisting  with  forsterite 
and  clinopyroxene  in  the  presence  of 
HoO  just  above  the  solidus  of  simple 
peridotite  is  andesitic  or  dacitic  and 
contains  excess  alumina,  becoming  more 
magnesian  and  less  siliceous  and  alumi- 
nous with  an  increase  of  temperature. 
The  hydrous  liquids  coexisting  with  Fo, 
Cpx,  and  Opx  in  the  system  CaO-MgO- 
Al203-Si02-H20  at  20  kb  and  in  the 
natural  rock  system  at  26  kb  are  also 
andesitic  or  dacitic,  but  they  do  not 
contain  excess  alumina  (Kushiro,  1972; 
Kushiro  et  al.,  1972).  It  is  not  known 
whether  the  first  liquid  formed  by  par- 
tial melting  of  natural  spinel  lherzolite 
in  the  presence  of  H20  contains  excess 
alumina  at  10  kb. 

A  number  of  calc-alkalic  andesites, 
dacites,  and  rhyolites  contain  normative 
corundum  (for  example,  18.4%  of  1775 
analyses  of  Cenozoic  andesites  (Chayes, 
1969).  Some  of  these  peraluminous  calc- 
alkalic  rocks  contain  alumina-rich  phases 
such  as  mica  and  garnet.  The  origin  of 
the  peraluminous  calc-alkalic  andesites 
and  dacites  has  been  attributed  to  as- 
similation of  argillaceous  sediments  or 
gaseous  transfer  of  alkali  elements 
(Kuno,  1968a).  Recently,  Sato  (1971) 
described  a  number  of  calc-alkalic  an- 
desites and  dacites  with  normative  co- 
rundum in  the  northern  Shikoku  region, 
Japan,  and  indicated  that  the  plane  An 


(anorthite)-Fo-Si02  (stable  below  8  kb) 
may  be  intersected  by  the  tie  line  Di- 
liquid  with  normative  corundum  under 
hydrous  conditions.  Consequently,  these 
peraluminous  andesites  and  dacites  may 
have  been  formed  by  fractional  crystal- 
lization involving  separation  of  augite 
in  the  presence  of  water. 

Because  the  starting  materials  in  the 
present  experiments  on  the  join  Di-Py- 
H20  consist  of  An  +  Fo  +  En  +  Di 
components  with  H20,  the  generation  of 
liquid  containing  excess  alumina  with 
Diss  and  Fo  indicates  that  the  join 
An-Fo-En  is  penetrated  by  the  tie  line 
DiSs  (aluminous  diopside)  -liquid  (with 
normative  corundum)  at  10  kb  Fh2o- 
The  implication  is  that  fractional  crys- 
tallization involving  effective  removal  of 
diopside  solid  solution  or  augite  gen- 
erates peraluminous  siliceous  magmas 
under  hydrous  conditions,  at  least  at  10 
kb.  Although  other  hypotheses  might  be 
applicable  to  some  of  the  peraluminous 
andesites  and  dacites,  the  presence  of 
HoO  could  be  a  major  cause  of  the  gen- 
eration of  the  peraluminous  andesites 
and  dacites. 

Kuno  (1950)  showed  that  the  amount 
of  normative  diopside  in  the  rocks  of  the 
hypersthenic  rock  series  (eruptive  rocks 
of  calc-alkalic  rock  series;  Kuno, 
19686)  decreases  rapidly  with  increas- 
ing silica  content  or  differentiation,  and 
finally  normative  corundum  appears. 
Such  a  relation  might  result  simply  from 
crystallization  of  magma  under  hydrous 
conditions  without  contamination  or 
volatile  transfer.  The  presence  of  hy- 
drous minerals  such  as  hornblende  and 
biotite  in  calc-alkalic  rocks  is  consistent 
with  the  present  argument.  The  new  ex- 
periments support  the  hypothesis  that 
calc-alkalic  andesitic  magma  can  be 
formed  by  direct  partial  melting  of 
mantle  peridotite  under  hydrous  condi- 
tions, as  suggested  by  Yoder  (1969)  on 
the  basis  of  both  field  association  and 
experimental  studies,  and  recently  by 
Kushiro  et  al.    (1972)  on  the  basis  of  the 
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experimental  melting  of  natural  perido- 
tite  under  hydrous  conditions. 

Composition  of  Residual  Liquids  in 
the  Nepheline-Diopside  System 

H.  S.  Yoder,  Jr.,  and  I.  Kushiro 

The  system  nepheline  (Ne)-diopside 
(Di)  has  great  significance  in  the  gen- 
eration of  olivine  melilite,  melilite  neph- 
elinite,  and  melilitite,  and  bears  on  a 
wide  variety  of  related  rocks  containing 
leucite  and  biotite.  The  system  was  first 
studied  by  Bowen  (1922)  and  later  re- 
vised and  extended  into  the  solidus 
region  by  Schairer,  Yagi,  and  Yoder 
(Year  Book  61,  p.  97).  Olivine  and 
melilite  crystallize  below  the  low  melting 
portion  of  the  liquidus  and  are  joined  by 
nepheline  and  clinopyroxene.  Olivine 
reacts  out,  and  the  final  products  are 
melilite,  nepheline,  and  clinopyroxene. 

Topologically,  the  extraction  of  olivine 
(forsterite  with  minor  solid  solution 
toward  monticellite)  and  melilite  (mainly 
akermanite  with  significant  solid  solution 
toward  soda  melilite)  drives  liquid  com- 
positions first  into  the  albite-nepheline- 
diopside-wollastonite  tetrahedron  and 
then  into  the  albite-nepheline-diopside- 
forsterite  tetrahedron.  The  flow  sheet  of 
Schairer  and  Yoder  {Year  Book  63,  p.  72) 
indicated  that  melilite  should  also  react 
out  after  it  is  joined  by  wollastonite,  and 
the  final  products  of  the  crystal  frac- 
tionation process  would  include  a  plagio- 
clase.  Because  of  the  common  occurrence 
of  melilite-bearing  rocks  with  plagio- 
clase-bearing  rocks  and  the  incompati- 
bility of  those  key  minerals  in  igneous 
rocks  (Yoder  and  Schairer,  Year  Book 
67,  pp.  101-103) ,  it  was  essential  to  de- 
termine the  course  of  the  residual  liquids. 

Toward  this  end,  the  glass  produced 
by  Schairer,  Yagi,  and  Yoder  on  quench- 
ing a  50:50  composition  from  1185°, 
1180°,  1160°,  and  1125° C  was  analyzed 
with  the  electron  microprobe  using  a 
large  (<*•->  30  /mi)  electron  beam  and  low 
(0.02   fiA)    specimen    current.    The   run 


products  included  olivine  and  melilite  at 
all  four  temperatures  and  a  clinopy- 
roxene and  nepheline  in  addition  at 
1125°C*  The  average  of  two  analyses 
for  each  glass  and  a  normative  presenta- 
tion of  the  results  are  given  in  Table  28. 
The  variance  in  the  analysis  of  Na20, 
—  0.6  wt  %,  probably  accounts  for  the 
appearance  of  sodium  metasilicate  in  the 
norm  in  all  except  the  run  at  1125°C, 
where  it  is  considered  to  be  a  significant 
value.  The  run  at  1125°C  was  investi- 
gated further  by  analyzing  some  of  the 
phases,  and  an  accounting  was  made 
(Table  29)  of  the  bulk  composition  in 
terms  of  a  calculated  mode.  The  calcu- 
lated mode  using  the  nepheline  solid 
solution  is  more  in  accord  with  a  visual 
estimate  of  the  mode  of  grain  mounts  in 
oil. 

It  is  concluded  from  the  increase  in  Ab 
in  the  norms  of  the  glasses  with  decreas- 
ing temperature  that  the  extraction  of 
melilite  and  olivine  from  liquids  in  the 
Ne-Di  join  does  indeed  lead  to  a  concen- 
tration of  albite  components  in  the  liquid 
as  suggested  by  the  chemographic  to- 
pology and  by  a  combination  of  the 
equations  of  Yoder  and  Tilley  (1962,  p. 
356): 

3  diopside  +  2  nepheline  = 

(akermanite  +  soda  melilite) ss  + 
forsterite  +  albite. 

An  appreciation  is  thereby  gained  of  the 
close  association  of  melilite-bearing  and 
plagioclase-bearing  rocks.  The  ultimate 
course  of  these  liquids  and  the  role  of 
normative  sodium  metasilicate,  with  its 
implication  of  a  pantellerite  trend,  have 
yet  to  be  determined.  The  urtites,  neph- 

*  The  presence  of  olivine  at  1125°C,  15°C 
below  the  "invariant  point"  lettered  C  in  the 
flow  sheet  of  Schairer  and  Yoder  (Year  Book 
63,  p.  72,  Fig.  8)  is  due  to  the  five-component 
nature  of  the  solid  solutions  represented  only 
approximately  by  the  four-component  flow 
sheet.  The  phases  olivine,  melilite,  clinopy- 
roxene, nepheline,  and  liquid  coexist  over  an 
interval  of  about  35°C. 
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TABLE  28.  Electron  Microprobe  Analysis  of  Glass  and  Its  Norm  from  the  Composition  Ne5oDi5 
wt  %,  Produced  at  Various  Temperatures  and  Times 


Crystal* 

Crystal* 

Crystal* 

Glass 

Starting 

1185°C, 

1180°C, 

1160°C, 

1125°C, 

Material 

6  days 

24  hours 

5  days 

10  days 

Si02 

49.9 

49.6 

51.0 

53.0 

A1203 

19.4 

18.6 

20.6 

19.5 

MgO 

7.16 

7.58 

6.04 

5.55 

CaO 

12.2 

12.6 

10.6 

7.16 

Na20 

12.2- 

11.8 

12.6 

15.0 

Totals 

100.86 

100.18 
Norms 

100.84 

100.21 

Ne 

50.6 

49.0 

49.9 

40.9 

Ab 

6.3 

5.3 

13.8 

24.7 

Di 

38.7 

40.6 

32.4 

27.6 

Wo 

4.5 

4.3 

4.6 

Fo 

0.7 

Ns 

0.8 

1.0 

0.1 

6.2 

Totals 

100.9 

100.2 

100.8 

100.1 

*  Glass  crystallized  1000°C,  8  days;  950°C,  21  days;  and  finally  900°C,  30  days. 
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elinites,  ijolites,  and  fasinites  apparently 
form  an  important  thermal  ridge  be- 
tween the  melilite-bearing  lavas  and  the 
plagioclase-bearing  lavas. 

The  Hypothesis  of  Melting  at  Stress 
Dislocations  in  the  Earth 

P.  M.  Bell  and  H.  K.  Mao 

The  process  of  melting  at  shear  zones 
in  the  earth's  crust  and  mantle  is  prob- 
ably complex.  The  examples  provided  in 
the  last  report  (Mao  and  Bell,  Year  Book 
70)  give  a  valid  picture  of  the  maximum 
effect  of  major  stress  differences  in  the 
mantle  where  seismic  activity  recurs  in- 
termittently over  long  periods.  The  pres- 
ent analysis  is  a  refinement  whereby  the 
various  steps  with  time  are  analyzed. 

Theoretically  it  has  been  shown  that 
the  thermodynamic  effects  of  holding  one 
part  of  a  system  at  lower  pressure  than 
another  can  be  predicted  (Mao  and  Bell, 
Year  Book  70) .  The  effects  can  be  evalu- 
ated simply  by  separately  calculating  the 
free  energies  of  the  high-  and  low-pres- 
sure parts  of  the  system  (Yoder,  1955a) 
and  constructing  a  model  based  on  the 
resulting  difference  in  free  energy.  The 
problem  with  this  approach  is  that  it  is 
designed  to  consider  only  hydrostatic 
pressures.  For  example,  a  nonhydro- 
statically  stressed  part  of  the  system  that 
separates  high-  and  low-pressure  parts  is 
not  included  in  the  model,  and  the  ap- 
proach fails  to  provide  a  means  of  physi- 
cal and  chemical  communication.  In  a 
strict  sense,  the  approach  is  invalid;  in 
practice,  however,  it  may  be  thought  of 
as  close  to  an  ideal  maximum  case. 

Kamb  (1961;  see  also  Ida,  1969)  has 
examined  the  problem  of  stressing  a 
crystal  differently  in  different  directions. 
An  expression  for  the  free  energy  of  a 
homogeneous  rock  undergoing  a  stress 
difference  deep  in  the  earth  can  be  de- 
rived in  much  the  same  way.  The  differ- 
ences between  Kamb's  treatment  and  the 
present  one  result  from  the  constraints  of 
the  models.    Kamb  chose  the  interface 


between  nonhydrostatically  and  hydro- 
statically  stressed  parts  of  the  system  to 
be  a  hypothetical  plane  with  zero  thick- 
ness. The  present  model  is  more  general, 
in  that  a  rigid,  nonhomogeneously 
stressed  barrier  exists  between  the  two 
parts  of  the  system  through  which  dif- 
fusion occurs.  In  both  Kamb's  and  the 
present  model,  the  chemical  potential  de- 
rived for  a  component  in  the  stressed 
solid  is  given  by 

H  =  H°  +  VP1  +  y2PieiV0,       (1) 

where  jjl°  is  the  chemical  potential  taken 
at  some  reference  state,  VP1  are  the 
volume  and  pressure  of  stressed  rock,  and 
Piei  are  the  stress  and  strain  tensors.  The 
terms  VP-x  +  %  PieiV0  represent  the  con- 
tribution to  the  free  energy  from  nonhy- 
drostatic  stress.  The  simplified  notation 
is  the  result  of  choosing  the  Pi  as  princi- 
pal stress  directions  (Py  vanishes  for  i  ^ 
j) .  Figure  26  is  a  diagram  of  the  chosen 
path  through  the  rock  along  which  the 
tangent  at  any  point  is  the  direction  of 
the  continuous  function  Px.  The  direc- 
tions of  P2  and  P3  lie  out  of  the  plane 
and  may  be  discontinuous.  The  chemical 
potential,  fi,  from  equation  1,  defines  local 
equilibrium  along  the  path.  It  differs 
from  most  chemical  potentials  because  it 


Fig.  26.  A  path  through  a  stressed  solid.  The 
curve  is  defined  so  that  a  principal  stress  direc- 
tion, Pi,  at  any  point  along  the  curve  is  tangent 
to  the  curve.  Equation  1  is  limited  to  applica- 
tion of  reactions  along  this  curve. 


GEOPHYSICAL     LABORATORY 


417 


is  not  uniquely  defined  at  any  point.  It 
varies  with  direction  and  is  dependent  on 
the  path. 

The  contribution  from  the  last  term  on 
the  right-hand  side  of  equation  1  is  given 
approximately  by 

(%)P«*Vo  ~Pl  ~  P°  AV       (2) 

and  is  a  small  number,  because  AT7  is 
small  for  most  rocks  at  pressures  of  the 
upper  mantle  and  lower  crust.  Ignoring 
the  term  in  equation  2  for  small  strain 
and  compressibility,  the  chemical  poten- 
tial can  be  approximated  by 


A 


B 


=  fiP  +  VP. 


(3) 


Equation  3  can  be  employed  directly  for 
one-component  systems  or  for  end  mem- 
bers of  multicomponent  systems.  In  the 
latter  case,  V  is  the  partial  molar  volume 
of  the  end  member,  and  /u,0  depends  on  its 
concentration.  Equation  3  is  also  valid 
for  pure  substances  or  mixtures  of  com- 
pounds, where  it  defines  the  chemical  po- 
tential of  a  component.  In  this  case,  V  is 
the  bulk  partial  molar  volume  of  the 
component,  and  ^°  depends  on  the  phase 
assemblage.  A  laboratory  analogy  for 
this  might  be  the  chemical  potential  of 
oxygen  in  the  binary  system  Fe-O,  which 
contains  the  phases  iron,  wustite,  mag- 
netite, and.  hematite  (Thompson,  1959). 
Equation  3  is  linear  for  a  component 
as  a  function  of  pressure.  The  slope  is  V, 
and  a  given  component  would  tend  to  dif- 
fuse from  high  pressure  to  low  pressure. 
Diffusion  would  minimize  Afi  of  the  dif- 
fusing component  and  reduce  the  pressure 
gradient.  Figure  27  shows  diagrammatic 
plots  for  chemical  potential  and  mole 
fraction  in  a  binary  system  A-B  as  func- 
tions of  pressure.  Part  1  is  a  plot  of  the 
model  before  diffusion;  part  2  is  a  plot 
after  diffusion.  Component  A  is  chosen 
such  that  it  diffuses  faster  than  B.  On  the 
temperature-composition  section,  a  com- 
position at  point  1  will  not  melt  at  either 
Po  or  Pi.    After  diffusion,  the  part  en- 


.Me 
-XB 


Po 


Pi  Po 


Pi 


2 


Fig.  27.  Schematic  diagrams  for  the  behavior 
of  a  binary  solid  solution  system,  A-B,  in  a 
pressure  gradient.  Case  1.  Chemical  potential 
(/j.)  and  concentration  (X)  of  A  and  B  as 
functions  of  pressure  before  diffusion.  Case  2. 
After  diffusion. 


riched  with  component  A  will  melt  any- 
where in  the  pressure  range,  at  a  nor- 
mally unpredictable  temperature.  If  this 
liquid  were  a  lava,  the  original  composi- 
tion of  the  rock  from  which  the  liquid 
was  partially  melted  could  not  be  pre- 
dicted without  knowing  the  diffusion 
rates  and  the  stress  difference. 

Figure  28  shows  a  more  complex  binary 
system  that  contains  a  peritectic,  a  eutec- 
tic,  and  four  phases,  two  of  which  (II, 
III)  are  intermediate.  Parts  1  and  2  show 
plots  for  n  versus  P  of  components  A 
and  B  before  and  after  diffusion.  Before 
diffusion,  an  intermediate  composition, 
marked  point  1  on  the  temperature-com- 
position plot,  would   form   a  two-phase 


418 


CARNEGIE     INSTITUTION 


A 


B 


2 


/^ 

ilB 

'                  Y 

y             *A 

^s           ab 

n  am 

nam 

o                             Pi            Po                            Pi 

aXb 

~1 — ,        ,, 

/T 

| /     A 

A 

i   n  i  ezXa 

I     E    IE 

Fig.  28.  Schematic  diagrams  for  the  behavior 
of  a  binary  eutectic-peritectic  pure-substance 
system,  A-B,  in  a  pressure  gradient.  I,  II,  III, 
and  IV  are  four  intermediate  compounds.  Case 
1.  Chemical  potential  (fj.)  and  concentration 
(A')  of  A  and  B  as  functions  of  pressure  before 
diffusion;  the  solid  consists  of  a  homogeneous 
mixture  of  phases  II  and  III.  Case  2.  After  dif- 
fusion ;  the  solid  separates  into  four  mono- 
mineralic  zones  along  the  pressure  gradient. 


subsolidus  equilibrium  assemblage  of  II 
and  III.  When  diffusion  of  component  A 
is  complete,  four  one-phase  regions  form 
along  the  pressure  gradient.  At  a  tem- 
perature corresponding  to  point  1,  liquids 
would  form  simultaneously  at  both 
eutectics. 

The  effects  of  diffusion  in  a  pressure 
gradient  predicted  by  equation  3  could  be 
major.  They  are  further  enhanced  by  the 
quantity  given  in  equation  2.  The  sub- 
stance of  the  overall  hypothesis  rests  on 
the  importance  of  knowing  not  only  the 
pressure-temperature  phase  diagram  for 
a  rock  system  but  also  the  diffusion  rates 
of  the  components  and  the  state  of  stress 
of  the  rock.  Most  lavas  have  formed 
under  conditions  of  nonhydrostatic  stress, 
at  temperatures  where  diffusion  of  com- 
ponents should  occur.  The  system  de- 
picted in  Fig.  28  is  not  unlike  some  rock 
systems  but  is  simpler  than  most  (Mao 
and  Bell,  Year  Book  70). 

The  proposed  theory  includes  a  mecha- 
nism of  generating  two  or  more  igneous 
liquids  for  which  there  is  no  way  to  relate 
to  the  parent  rock  by  fractionation 
trends.  Diffusion  trends  in  stress  gradi- 
ents may  be  predominant.  The  process 
could  be  the  cause  of  the  formation  of 
incompatible  multiple  lavas,  which  are 
commonly  observed  in  single  flows 
(Yoder,  Year  Book  69,  pp.  141-145). 


EXPERIMENTAL    METAMORPHIC    PETROLOGY 


Cordierite-Garnet  Equilibrium  as  a 

Function  of  Pressure,  Temperature, 

and  Iron-Magnesium  Ratio 

B.  J.  Hensen 

The  compositional  variation  of  cor- 
dierite  and  garnet  in  divariant  equilib- 
rium as  a  function  of  temperature  and 
pressure  is  of  major  interest  for  the  de- 
termination of  the  physical  conditions  of 
high-grade  metamorphism.  A  detailed 
investigation  of  the  phase  relationships  is 
made  possible  by  the  use  of  the  electron 
microprobe  for  the  analysis  of  the  experi- 


mental run  products.  The  present  report 
on  cordierite-garnet  equilibria  provides 
information  on  the  distribution  of  Fe  and 
Mg  between  coexisting  garnet  and  cor- 
dierite  at  high  temperature  and  bears  on 
the  problem  of  the  distribution  coefficient 
(Currie,  1971;  Hensen  and  Green,  1971). 
Cordierite-garnet  bearing  assemblages 
are  found  in  amphibolite-  and  granulite- 
facies  metamorphic  terranes  and  have  re- 
ceived much  attention  recently  in  view  of 
their  relevance  for  the  study  of  high- 
grade  metamorphism  (Reinhardt,  1968; 
Hess,  1971;  Saxena  and  Hollander,  1969; 
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Currie,  1971 ;  Dallmeyer  and  Dodd,  1971 ; 
Gorbatshev,  1968).  The  coexistence  of 
cordierite  and  garnet  over  a  restricted 
pressure-temperature  interval  occurs  be- 
cause of  iron-magnesium  substitution. 
The  potential  use  of  cordierite-garnet  as- 
semblages as  pressure-temperature  indi- 
cators has  prompted  a  number  of  ex- 
perimental investigations  that  have,  in 
general,  been  concentrated  on  end- 
member  compositions,  e.g.,  Mg-cordierite 
(Schreyer  and  Yoder,  1964) ,  Fe-cordier- 
ite  (Richardson,  1968) ,  pyrope  (Boyd 
and  England,  Year  Book  61),  and  al- 
mandine  (Yoder,  19556;  Hsu,  1968). 

Recently,  the  stability  of  cordierite  and 
garnet  was  studied  in  synthetic  model 
pelitic  compositions  as  a  function  of  pres- 
sure (P) ,  temperature  (T) ,  and  Mg/(Mg 
+  Fe2+)  ratio  (A")  (Hensen  and  Green, 
1969,  1970,  1971,  1972).  Among  the  re- 
actions involving  both  cordierite  and 
garnet,  the  divariant  reaction  cordierite 
==±  garnet  -4-  sillimanite  +  quartz  (1)  is 
of  particular  petrologic  interest,  and  the 
P-T-X  relations  for  this  reaction  were 
studied  experimentally.  Although  the 
compositional  variation  of  the  ferromag- 
nesian  minerals  as  a  function  of  P  and  T 
could  be  determined  with  a  reasonable 
degree  of  confidence,  actual  reversibility 
was  not  demonstrated  (Hensen  and 
Green,  1971).  The  present  study  was 
undertaken  to  determine  reversibly  the 
P-T-X  relations  for  reaction  1. 

Experimental  Method 

Three  starting  mixes  were  prepared 
using  analyzed  natural  garnets  and  cor- 
dierites.  The  bulk  Mg/(Mg  +  Fe2+)  ratio 
(A)  of  the  mixes  (Abulk  =  0.65  ±  0.03) 
was  chosen  to  lie  inside  the  (previously 
determined)  divariant  cordierite-garnet- 
sillimanite-quartz  field  at  1000°C  and  9.0 
±  0.5  kb  (Hensen  and  Green,  1971,  Fig. 
9a).  The  A  values  of  the  garnet  (Ga) 
and  cordierite  (Cd)  (open  symbols  in 
Fig.  29)  lie  on  either  side  of  the  phase 
boundaries  of  the  cordierite-garnet  field. 
Cordierite  and  garnet,  together  with  ex- 
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Fig.  29.  Graphical  representation  of  reversal 
experiments  at  1000°C,  10  kb  (piston-in). 
Shaded  bands  indicate  reversal  limits.  Open 
symbols,  starting  compositions;  solid  symbols, 
average  rim  compositions  after  305  hours.  T 
bars  show  range  of  composition  for  each  set  of 
measurements.  The  number  of  individual  meas- 
urements is  shown  in  brackets. 


cess  sillimanite  and  quartz,  were  ground 
to  a  grain  size  of  > — -10-40  ^m,  and 
r^h%  nondried  oxalic  acid  was  added  to 
increase  reaction  rates  without  inducing 
excessive  melting.  Experiments  68  hours 
in  duration  were  run  in  %  inch  solid- 
media  piston-cylinder  apparatus;  how- 
ever, it  was  necessary  to  make  ex- 
periments of  longer  duration  in  order  to 
promote  sufficient  reaction.  A  long  run  of 
305  hours  was  made  in  a  ^4  inch  appa- 
ratus. In  this  run,  three  samples  were  run 
simultaneously  in  a  single  graphite 
holder.  Run  conditions  were  as  follows: 
pressure,  10  kb,  nominal  "piston-in," 
and  temperature,  1000  °C,  measured  with 
Pt/Pt-10%Rh  thermocouples.  The  as- 
sembly contained  talc,  fired  boron  nitride, 
and  pyrophyllite.  Oxygen  fugacity,  al- 
though not  fixed,  was  kept  at  a  low  value 
by  the  quasi-buffering  action  of  the 
graphite-water  system  in  the  graphite 
capsule  (Hensen  and  Green,  1971).  Start- 
ing materials  and  experimental  run  prod- 
ucts were  analyzed  with  the  MAC  elec- 
tron   microprobe,    using   the    analytical 
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techniques    described     by    Finger     and 
Hadidiacos  (Year  Book  70;  this  report). 

Results 

The  results  of  the  305-hour  experiment 
are  shown  in  Figs.  29  and  30.  All  four 
phases  in  reaction  1  were  still  present 
after  the  run  in  each  of  the  three  sam- 
ples. Even  after  305  hours  at  1000°C, 
homogenization  of  individual  grains  was 
not  achieved,  owing  to  low  rates  of  dif- 
fusion. Mineral  grains  of  both  cordierite 
and   garnet   are   invariably  zoned,   with 
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Fig.  30.  P-X  diagram  showing  reversal  (solid 
rectangles ;  size  indicates  experimental  uncer- 
tainty) in  comparison  with  previously  deter- 
mined phase  boundaries  for  the  divariant  re- 
action cordierite  (Cd)±^garnet  (Ga)  +  sil- 
limanite  (Sil)  +  quartz  (Qz)  in  the  presence  of 
excess  feldspars  (plagioclase  +  alkali  feldspar; 
Fsp).  At  high  values  of  P  and  X  the  break- 
down of  cordierite  involves  hypersthene  (Hy), 
and  at  low  P  and  X  it  involves  spinel  (Sp). 
Also  shown  is  the  sillimanite  (Sil)±^kyanite 
(Ky)  phase  boundary. 


core  compositions  approaching  the  com- 
position of  the  starting  material  in  some 
cases.  However,  rim  compositions  (solid 
symbols  in  Fig.  29)  show  dramatic 
changes  from  the  initial  composition 
(open  symbols  in  Fig.  29) .  The  garnet 
rim  compositions  in  mixes  Di  and  Ds 
show  a  large  increase  in  pyrope  content, 
whereas  the  rims  in  D3  show  a  decrease 
in  pyrope  content.  A  small  amount  of 
overlap  of  the  "increase"  and  "decrease" 
values  is  found.  This  overlap  is  attributed 
to  analytical  error  and  to  local  equilib- 
rium in  the  experimental  charges.  The 
maximum  values  of  Mg  increase,  and 
decrease  in  mixes  D2  and  D3  can  be  re- 
garded as  constituting  a  compositional 
reversal  bracket.  The  equilibrium  value 
should  fall  somewhere  in  the  shaded  area 
(Fig.  29).  The  same  picture  holds  true 
for  the  cordierite  rim  analyses.  The  jDx 
rim  analyses  fall  just  outside  the  reversal 
brackets,  defined  by  the  D2  and  D3  re- 
sults, but  are  not  inconsistent  with  those 
results.  In  the  68-hour  runs,  core  com- 
positions are  generally  unchanged  from 
initial  compositions.  A  small  number  of 
rim  analyses  define  reversal  brackets  (by 
a  compositional  gap  rather  than  an  over- 
lap) of  XGa  =  0.48-0.54  and  ZCd  = 
0.75-0.82.  These  values  suggest  (partial) 
equilibration  at  a  somewhat  lower  pres- 
sure (ca.  0.5  kb,  on  the  basis  of  experi- 
ments by  Hensen  and  Green,  1971)  than 
in  the  longer  run  reported  above.  This 
pressure  difference  is  consistent  with  the 
commonly  accepted  lower  friction  in  % 
inch  vessels  compared  with  V2  inch  ves- 
sels (Johannes  et  al.,  1971). 

The  value  for  the  distribution  coeffi- 
cient of  Fe  and  Mg  between  cordierite 
and  garnet 


KD 


-Xcd  (1  —  A"Ga) 


Aoa   (1  —  Acd) 

derived  from  the  305-hour  run  is  low: 
KD  =  3.7  ±  0.8.  The  large  uncertainty 
arises  from  the  uncertainty  in  the  equi- 
librium values  of  XCd  and  XGa  (Fig.  29) . 
Comparison  with  the  results  of  Hensen 
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and  Green  (1971)  shows  that  the  present 
results  agree  within  experimental  error* 
(Fig.  30). 

Recently,  Currie  (1971)  obtained  syn- 
thesis results  on  the  cordierite-garnet- 
sillimanite-quartz  equilibrium  at  tem- 
peratures from  600°  to  900 °C.  Currie 
reported  an  increase  of  KD  from  3.8  at 
600°C  to  12.5  at  900°C.  Hensen  and 
Green  (1971)  obtained  KD  values  of  4—5 
at  900°  and  1000  °C,  in  agreement  with 
the  value  of  3.7  ±  0.8  obtained  in  this 
investigation.  As  most  natural  assem- 
blages probably  form  below  900°C  and 
commonly  have  KD  values  in  the  range  of 
5  to  10,  the  general  conclusion  that  KD 
decreases  with  increasing  temperature 
(Hensen  and  Green,  1971)  is  borne  out 
by  the  present  data. 

Recent  data  from  natural  rocks  (Hess, 
1971;  Currie,  1971)  suggest  that  mixing 
in  cordierite  may  be  nonideal  at  low  tem- 
peratures, causing  KD  to  be  a  function  of 
composition  as  well  as  of  temperature. 
More  careful  experimental  work  is 
needed  to  evaluate  the  use  of  KD  as  a 
geothermometer.  However,  the  composi- 
tion of  garnet  (and  cordierite)  coexisting 
with  sillimanite  and  quartz  provides  a 
valid  geobarometer  because  of  the  flat 
slopes  of  the  Xc<i  and  XGa  isopleths  on 
the  P-T  plane  (Hensen  and  Green,  in 
preparation) .  The  data  indicate  pressures 
of  the  order  of  5—9  kb  at  temperatures  of 
700°-850°C  for  granulite-facies  meta- 
morphic  terranes. 

The  effect  of  Ph2o  on  the  stability  rela- 
tions of  cordierite  (Newton,  1972)  has 
not  been  studied  in  the  present  experi- 
ments. Conditions  of  Ph2o  <3C  Ptotai  must 
have  prevailed  during  the  experiments. 
All  of  the  water  present,  provided  by  the 
dissociation  of  the  oxalic  acid,  was  prob- 
ably dissolved  in  a  very  small  amount 
of  partial  melt.  The  present  results  (and 
also  those  of  Hensen  and  Green,   1971, 

*  The  nominal  "piston-in"  pressure  has  been 
corrected  (—10%),  and  the  pressure  uncertainty 
of  ±0.5  kb  has  been  estimated  (c/.  Hensen 
and  Green,  1971). 


1972)  show  that,  at  1000  °C  under  con- 
ditions of  Ph2o  <  Ptotai,  cordierite  with 
13-16  mole  %  Fe  end  member  is  stable 
at  a  pressure  well  in  excess  of  that  for 
anhydrous  Mg-cordierite  under  com- 
pletely dry  conditions  (Newton,  1972) . 
This  result  suggests  that  cordierite  is 
stabilized  in  the  presence  of  very  small 
amounts  of  water  under  conditions  of 
Ph2o  <?C  Ptotai-  The  effect  of  PH2o  on  cor- 
dierite stability  may  be  significant  only 
under  extremely  dry  conditions — condi- 
tions unlikely  to  occur  in  nature,  even 
during  granulite-facies  metamorphism. 

Phase  Relations  Involving  Pyrope, 

ENSTATrTEss,  and  Sapphiriness  in  the 

System  MgO-Al203-Si02 

B.  J.  Hensen 

An  experimental  study  of  four  reac- 
tions involving  pyrope,  enstatitess,  and 
sapphiriness  in  the  system  MgO-Al203- 
SiOo  was  undertaken  because  of  its  rele- 
vance to  an  understanding  of  the  genesis 
of  ultrabasic  rocks  of  mantle  origin  and 
metapelitic  rocks  occurring  in  crustal 
metamorphic  belts.  Inconsistencies  among 
previous  experimental  data  concerning 
pyrope  stability  require  clarification.  A 
knowledge  of  the  relative  position  of 
reactions  involving  enstatitess  on  the  P-T 
plane  can  be  used  to  predict  theoretically 
the  variation  of  alumina  content  of  en- 
statite  as  a  function  of  pressure,  tempera- 
ture, and  phase  assemblage.  The  Al  con- 
tent of  enstatite  is  potentially  a  most 
useful  geothermometer  and  geobarometer 
for  a  variety  of  rock  types. 

The  stability  limit  of  pyrope  in  the 
presence  of  quartz  at  1200°-1400°C 
(Hensen  and  Essene,  1971)  lies  outside 
the  stability  field  of  pyrope  under  its  own 
composition  as  determined  by  Boyd  and 
England  {Year  Book  61) .  To  account  for 
this  discrepancy,  Hensen  and  Essene  sug- 
gested that  both  the  reactions  enstatitess  -f- 
sapphiriness  -f-  sillimanite  ^  pyrope  (1)* 

*  All  reactions  are  written  so  that  the  right- 
hand  side  has  the  lower  volume. 
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and  enstatitess  -4-  sillimanite  ^  pyrope 
+  quartz  (2)  could  be  metastable  at  tem- 
peratures above  1125°  ±  25 °C.  An  in- 
variant point  involving  the  phases 
pyrope,  enstatitess,  sapphiriness,  silli- 
manite, and  quartz  was  postulated  at 
1125°  ±  25°C  and  16  ±  1  kb  (Hensen 
and  Essene,  1971,  Fig.  3).  This  hypo- 
thetical invariant  point  was  consistent 
with  the  data  for  the  reaction  sapphiriness 
+  quartz  ^±  enstatitess  -4-  sillimanite  (3) , 
available  at  that  time  (Chatterjee  and 
Schreyer,  1970) .  However,  more  recent 
experimental  data  on  reaction  3  by  Chat- 
terjee (W.  Schreyer,  personal  communi- 
cation) cast  serious  doubts  on  the  exist- 
ence of  the  postulated  invariant  point. 
To  resolve  the  apparent  inconsistencies 
between  these  experimental  studies,  the 
author  initiated  the  present  study,  with 
Professor  W.  Schreyer's  encouragement, 
at  the  Institute  for  Mineralogy  at  the 
Ruhr  University,  Bochum,  West  Ger- 
many. The  study  was  continued  at  the 
Geophysical  Laboratory,  where  it  was 
found  necessary  to  redetermine  reversal 
limits  for  several  reactions  in  order 
to  eliminate  interlaboratory  calibration 
differences. 

Experimental  Techniques 

Crystalline  starting  materials  (syn- 
thetic material  except  for  kyanite  and 
sillimanite)  were  used  throughout  this 
study.  The  phases  were  mixed  and  ground 
together  in  the  proportions  required  for 
each  reaction.  Best  results  were  obtained 
with  approximately  50:50  mixtures  (by 
weight)  of  high-pressure  and  low-pres- 
sure assemblages  (ef.  Richardson,  Bell, 
and  Gilbert,  1968).  Sillimanite  and 
quartz,  the  phases  most  likely  to  dis- 
appear during  the  run,  owing  to  partial 
melting  caused  by  the  presence  of  minor 
amounts  of  water  in  the  charges,  were 
added  in  excess.  The  presence  of  these 
phases  in  the  run  products  is  evidence 
that  the  reaction  observed  actually  is  the 
desired  reaction  rather  than  the  effect  of 
leaching  or  partial  melting. 


The  presence  of  a  water-undersatu- 
rated  melt  should  not  affect  the  P-T 
coordinates  of  the  solid-solid  reactions 
unless  one  or  more  solid  phases  incorpo- 
rate H20.  In  the  present  case  all  solid 
phases  are  anhydrous. 

The  direction  of  reaction  was  deter- 
mined by  comparing  X-ray  peak  heights. 
Only  runs  with  significantly  large 
changes  in  peak  heights  were  accepted. 
Reaction  rates  in  the  system  under  study 
are  extremely  sluggish;  therefore,  it  was 
necessary  to  maximize  the  amount  of 
reaction  empirically  by  varying  run  time 
and  by  adding  small  amounts  of  water 
(in  the  form  of  oxalic  acid)  to  the  charge. 

All  experiments  were  carried  out  in 
V^-inch  piston-cylinder  apparatus.  The 
piston-out  technique  was  used  (5  kb 
overpressure  and  "out"  after  the  tem- 
perature is  brought  to  the  desired  value) . 
Pt-Pt  10%  Rh  thermocouples  were  used 
throughout;  the  reported  temperatures 
are  uncorrected  for  the  effect  of  pressure. 

Results 

The  results  of  a  series  of  experiments 
in  the  range  of  1050°-1400°C  and  12-22 
kb  are  summarized  in  Fig.  31.  The 
brackets  plotted  represent  the  closest 
reversibility  of  the  univariant  reactions 
based  on  the  data.  The  reversal  brackets 
show  unequivocally  that  the  reactions 
sapphiriness  +  quartz  ^  enstatitess  + 
sillimanite  (3) ,  enstatitess  -f-  sapphiriness 
+  sillimanite  ^  pyrope  (1),  and  ensta- 
titess +  sillimanite  ^  pyrope  +  quartz 
(2)  occur  in  that  order  with  increasing 
pressure  over  the  temperature  range 
studied  (compare  also  Fig.  32).  The 
pressure  interval  between  the  reaction 
boundaries  is  small,  particularly  between 
reactions  1  and  2,  and  the  exact  slopes  of 
the  boundaries  cannot  be  resolved  by  the 
present  results.  The  average  slope  of  the 
reactions  at  temperatures  of  1100°— 
1400°C  is  15  ±  5  bars/°C.  Some  curva- 
ture of  the  reaction  boundaries  toward 
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Fig.  31.  P-T  diagram  summarizing  experimental  results.  Brackets  represent  closest  reversal 
limits  on  the  basis  of  a  series  of  experiments.  Experimental  uncertainty  on  the  basis  of  piston- 
out  reversals  shown. 


the  pressure  axis  in  reaction  2  and  toward 
the  temperature  axis  in  reaction  3  is 
likely  because  of^the  increase  of  alumina 
substitution  in  enstatite  with  increasing 
temperature  (c/.  Hensen  and  Essene, 
1971;  Newton,  1972).  An  intersection  of 
reactions  1,  2,  and  3  at  subsolidus  tem- 
peratures does  not  occur,  and  therefore 
the  hypothetical  invariant  point  proposed 
by  Hensen  and  Essene  (1971)  cannot 
exist.  Consequently,  the  breakdown 
curves  for  both  pyrope  (Boyd  and  Eng- 
land, Year  Book  61)  and  pyrope-quartz 
(Hensen  and  Essene,  1971)  are  stable  to 
high  temperatures  and  pressures.  As  a 
result,  the  stable  breakdown  of  pyrope 
does  not  produce  quartz,  even  at  high 
temperature.  In  this  respect  pyrope  dif- 
fers from  intermediate  pyrope-almandine 


solid  solutions  (Hensen  and  Green,  1970, 
1971)  and  almandine  (Hsu,  1968). 

The  present  results  do  not  preclude  the 
possibility  of  an  invariant  point  involv- 
ing the  phases  pyrope-grossular,  ensta- 
titess,  sapphiriness,  sillimanite,  quartz, 
and  anorthite  (Hensen  and  Green,  1972, 
Fig.  7)  and  the  stable  existence  of  the 
reaction  enstatitess  +  sapphiriness  + 
anorthite  +  quartz  ^  pyrope-grossular. 
The  solid  solution  of  grossular  and  of 
almandine  both  lower  the  stability  of 
pyrope-rich  garnet  with  respect  to  pres- 
sure. With  increasing  almandine  content, 
pyrope-almandiness  breaks  down,  accord- 
ing to  a  series  of  divariant  reactions,  to 
hy persthene  -  sapphirine  -  quartz ,  hyper- 
sthene-spinel-quartz,  and  olivine-spinel- 
quartz     (Hensen,     1971;     Hensen     and 
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Fig.  32.  Comparison  of  reversal  brackets  obtained  in  different  laboratories :  (a)  Newton,  1972; 
(b)  Hensen,  this  report;  (c)  Boyd  and  England,  Year  Book  61;  (d)  Hensen,  unpublished  data 
obtained  at  the  Ruhr  University,  Bochum;  (e)  Hensen  and  Essene,  1971.  The  data  of  Boyd  and 
England,  Year  Book  61,  are  not  based  on  specific  "in"  or  "out"  conditions.  The  points  on  the  dia- 
gram represent  their  estimates  of  the  phase  boundary  with  ±5%  uncertainty  limits. 


Green,  1970,  1971).  As  can  be  seen  from 
Fig.  31,  the  present  data  support  a  nega- 
tive slope  for  the  reaction  enstatite  -f- 
kyanite  ±±  pyrope  +  quartz  (Hensen  and 
Essene,  1971). 

A  comparison  of  piston-in  and  piston- 
out  reversals  (Fig.  32)  obtained  at  four 
laboratories  brings  out  discrepancies  in 
pressure  calibration  of  the  order  of  1-2 
kb  and  emphasizes  the  problem  of  inte- 
grating experimental  information  from 
different  laboratories  (compare  Johannes 
etal.,  1971). 


Aluminous  Enstatite 

The  effect  of  pressure  and  temperature 
on  the  amount  of  A1203  dissolved  in 
enstatite  coexisting  with  various  other 
phases  has  received  renewed  attention 
(Hensen  and  Essene,  1971 ;  Anastasiou 
and  Seifert,  1972).  From  an  accurate 
knowledge  of  the  relative  position  of  re- 
actions involving  enstatite  in  the  system 
MgO-Al203-Si02,  combined  with  data 
such  as  those  of  Boyd  and  England  ( Year 
Book  63)  on  the  pyrope-enstatite  equilib- 
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rium,  quantitative  estimates  could  be 
made  of  the  variation  of  enstatite  com- 
position with  P,  T,  and  phase  assemblage. 
Because  of  uncertainties  in  the  exact  lo- 
cations of  the  phase  boundaries,  however, 
a  quantitative  estimate  cannot  be  made 
at  the  present  time.  For  this  reason,  the 
present  treatment  is  confined  to  a  graphi- 
cal demonstration  of  the  topological  re- 
lations among  Al  isopleths  and  univari- 
ant  phase  boundaries. 

Figure  33  shows  the  reactions  ensta- 
titess  +  spinel  <=£  pyrope  +  forsterite 
(MacGregor,  Year  Book  63) ,  sapphiriness 


+  enstatitess  ^  pyrope  +  spinel  (no  ex- 
perimental data),  enstatitess  +  sillima- 
nite  <^  pyrope  +  quartz  (Hensen  and 
Essene,  1971 ;  Hensen,  this  report) ,  ensta- 
tite +  sapphiriness  +  sillimanite  ^ 
pyrope  (Boyd  and  England,  Year  Book 
61 ;  Hensen,  this  report) ,  sapphiriness 
+  quartz  ?^  enstatitess  +  sillimanite  (N. 
Chatterjee,  unpublished;  Newton,  1972; 
Hensen,  this  report),  forsterite  +  cor- 
dierite  ^  enstatite8s  +  spinel  (Fawcett 
and  Yoder,  1966) ,  cordierite  +  spinel  <=* 
enstatitess  +  sapphirine  (Anastasiou  and 
Seifert,    1972),   and   cordierite   <^   sap- 
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Fig.  33.  P-T  diagram  showing  relationship  of  contours  of  constant  alumina  content  of  enstatite 
in  relation  to  univariant  phase  boundaries  in  the  system  MgO-Al203-Si02.  Two  sets  of  contours, 
for  10  and  12  wt  %  A1203,  are  shown.  The  phase  assemblage  for  each  contour  is  marked  along- 
side it.  Abbreviations  used  are  cordierite  (Cd),  forsterite  (Fo),  enstatite  (En),  sapphirine  (Sa), 
spinel  (Sp),  pyrope  (Py),  sillimanite  (Sil),  kyanite  (Ky),  quartz  (Qz). 
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phirinesg  +  quartz  ±  enstatitess 
(Schreyer  and  Seifert,  1969;  Newton, 
1972) .  Although  Al  saturation  of  ensta- 
tite  can  occur  in  only  one  divariant  as- 
semblage at  any  given  P  and  T,  the  com- 
position of  the  enstatite  is  fixed  in  every 
three-phase  assemblage.  (The  assemblage 
pyrope-enstatitess  is  degenerate.)  The 
sign  and  approximate  magnitude  of  the 
slope  of  the  isopleths  can  be  deduced 
from  the  volume  change  involved  in  the 
reaction  producing  aluminous  enstatite 
(Hensen  and  Essene,  1971)  and  from 
topological  considerations. 

Figure  33  illustrates  how  the  minimum 
temperature  for  a  fixed  Al  content  in 
enstatite  in  various  divariant  assemblages 
can  be  predicted*  and  how  the  low-pres- 
sure data  such  as  those  of  Anastasiou  and 

*  The  possible  join  enstatite-corundum  has 
been  neglected  in  the  present  treatment. 


Seifert  (1972)  are  systematically  related 
to  the  high-pressure  data  of  Boyd  and 
England. 

The  Relative  Stability  of  Garnet 
Granulite  and  Kyanite  Eclogite 

The  addition  of  another  component, 
CaO,  to  the  system  MgO-Al203-Si02  has 
some  interesting  implications  bearing  on 
the  relative  stabilities  of  garnet  granulite 
and  eclogite.  The  univariant  reaction 
enstatitess  -f-  anorthite  +  sillimanite  <^ 
pyrope-grossular  -4-  quartz  undergoes  an 
inversion  in  slope  when  it  intersects 
the  kyanite-sillimanite  phase  boundary 
(Hensen  and  Green,  1972)  in  the  same 
manner  as  the  analogous  reaction  enstatite 
+  sillimanite  ^  pyrope  +  quartz  in  the 
system  MgO-Alo03-Si02  (Hensen  and 
Essene,  1971 ;  Hensen,  this  report) .  A 
negative  slope  for  reaction  1  will  result 


Fig.  34.  Hypothetical  invariant  point  in  the  system  CaO-MgO-Al203-Si02.  Note  that  in  this 
system  the  stability  field  of  the  assemblage  garnet88  -enstatitess  -anorthite  ("garnet  granulite")  is 
confined  to  high  temperature. 
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in  an  intersection  with  the  univariant  re- 
action enstatitess  -4-  anorthite  *±  pyrope- 
grossular  -f-  diopsidess  -f-  quartz 
(Kushiro  and  Yoder,  1966;  Emslie,  Year 
Book  69).  This  reaction  has  a  positive 
slope  and  occurs  at  about  1-2  kb  higher 
pressure  than  reaction  1.  Three  more 
reactions  pass  through  the  invariant 
point  created  by  the  intersection  of  the 
two  reactions  mentioned  above.  These  are 
enstatitess  +  anorthite  <=^  diopsidess  -\- 
kyanite  +  quartz,  pyrope-grossularss  + 
anorthite  +  quartz  *±  diopsidess  +  kya- 
nite,  and  diopsidess  +  enstatitess  + 
kyanite  <^  pyrope-grossularss  +  quartz. 

The  sequence  of  reactions  around  the 
invariant  point  is  shown  in  Fig.  34.  The 
P-T  conditions  of  the  invariant  point  are 
estimated  to  be  850°  ±  50  °C  and  14 
±  2kb. 

It  follows  from  the  phase  relations 
shown  in  Fig.  34  that  in  the  simple  sys- 
tem CaO-MgO-Al203-Si02  the  stability 
field  of  "garnet  granulite"  (coexisting 
garnet  +  orthopyroxene  +  anorthite)  is 
restricted  to  high  temperatures  and  inter- 
mediate pressure.  This  observation  does 
not  hold,  however,  for  natural  assem- 
blages (Green  and  Ringwood,  1967a;  Ito 
and  Kennedy,  1970).  As  iron  (Fe2+)  is 
added  to  the  system,  the  phase  assem- 
blage of  the  invariant  point  becomes 
univariant.  The  univariant  curve  for  the 
reaction  orthopyroxeness  -4-  anorthite  ^ 
garnetss  +  diopsidess  +  kyanite  + 
quartz  will  terminate  in  the  above  in- 
variant point.  The  introduction  of 
sodium  increases  the  variance  of  the 
assemblage  to  divariant.  The  divariant 
reaction  marking  the  transition  of  the 
garnet  granulite  to  the  eclogite  field  in 
silica-saturated,  alumina-rich  rocks  will 
be  orthopyroxeness  +  plagioclase  ^± 
garnetss  -f-  clinopyroxeness  +  kyanite  + 
quartz  (disregarding  the  influence  of 
oxygen  fugacity  and  the  effect  of  minor 
components).  This  reaction  illustrates 
the  complex  nature  of  the  garnet  granu- 
lite-to-eclogite  transition  and  shows  that 


all  six  phases  in  the  latter  reaction  can 
stably  coexist  in  rocks  of  suitable  compo- 
sition. Such  rocks  are  of  particular  in- 
terest and  should  be  looked  for  in  natural 
occurrences  because  they  contain  the 
most  precise  information  on  pressure- 
temperature  conditions  of  eclogite  meta- 
morphism. 

Decarbonation  Sequence  in  the 
System  CaO-MnO-Si02-C02 

D.  M.  Burt 

Using  mineral  assemblages  observed 
in  natural  occurrences,  a  decarbonation 
sequence  has  been  deduced  for  the  four- 
component  system  CaO-MnO-Si02-C02. 
This  sequence  is  analogous  to  sequences 
proposed  by  Bowen  (1940)  for  the  sys- 
tem CaO-MgO-Si02-C02  and  by  Burt 
(Year  Book  70)  for  the  system  CaO- 
FeO(-Fe203)-Si02-C02. 

During  the  summer  of  1970,  studies 
were  made  at  a  number  of  contact  meta- 
morphic  manganese  deposits  and  Mn- 
rich  skarn  deposits  in  Japan.  The 
metamorphic  deposits  visited  included 
the  Noda-Tamagawa  manganese  mine 
(one  of  the  largest  manganese  mines  in 
Japan),  as  well  as  the  Hagidaira  and 
Obata  manganese  mines,  Gumma  Pre- 
fecture (see  Watanabe,  Yui,  and  Kato, 
1970a,6).  The  Mn-rich  skarn  deposits 
visited  were  the  Chichibu  lead-zinc- 
gold-silver-copper-iron  mine,  Saitama 
Prefecture  (Miyazawa,  Hashimoto,  and 
Harada,  1970)  and  the  Nakatatsu  lead- 
zinc  mine,  Fukui  Prefecture  (Tokunaga, 
1965) .  Earlier  studies  were  made  at 
similar  lead-zinc  skarn  deposits  in  North 
America,  including  those  in  the  Central 
district,  New  Mexico  (Schaller,  1938; 
Allen  and  Fahey,  1953,  1957),  and  the 
Aravaipa  district,  Arizona  (Simons  and 
Munson,  1963).  The  metamorphic  de- 
posits at  Franklin,  New  Jersey  (Palache, 
1935),  also  were  visited. 

Analogies  among  some  Mg-,  Fe-,  and 
Mn-rich  minerals  in  skarns  and  related 
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TABLE  30.  Analogies  among  Some  Anhydrous  MgO-,  FeO-,  and  MnO-Bearing  Minerals 
in  Skarns  and  Related  Deposits* 


Structure  Type 

M  =  Mg 

M  =  Fe 

M  =  Mn 

MO 

periclase 

(wiistite) 

manganosite 

MC03 

magnesite 

siderite 

rhodochrosite 

CaM(C03)2 

dolomite 

kutnahorite 

MSi03 

enstatite 

(ferrosilite) 

CaMSi206 

diopside 

hedenbergite 

johannsenite 

(Ca,  M)3Si309 

(ferrobustamite) 

bustamite 

(M,  Ca)6Si60i6 

rhodonite 

(M,  Ca)7Si70-2i 

(pyroxferroite) 

pyroxmangite 

Ca2MSi207 

akermanite 

(ferroakermanite) 

M2Si04 

forsterite 

fayalite  (rare) 

tephroite 

CaMSi04 

monticellite 

kirschsteinite  (rare) 

glaucochroite  (rare) 

Ca3M(SiO-4)2 

merwinite 

(manganomerwinite) 

*  Minerals  in  parentheses  have  been  synthesized  but  do  not  occur  in  skarns.  Natural  akermanite 
contains  some  Na. 


TABLE  31.   Some  Minerals  in  the  System  CaO-MnO-Si02-C02 


Mineral        Abbreviation 


Formula 


Remarks 


Manganosite 
Calcite 

Rhodochrosite 

Kutnahorite 

Mno 
Cal 

Cal  ss 
Rdc 
Rdc  ss 
Kut 

MnO 

CaC03 

(Ca,  Mn)C03 

MnC03 

(Mn,  Ca)C03 
CaMn(C03)2 

Quartz 
Johannsenite 

Qtz 
Joh 

Si02 
CaMnSi206 

Bustamite 

Bus 

(Ca,  Mn)3Si306 

Rhodonite 

Pyroxmangite 

Wollastonite 

Tephroite 

Glaucochroite 

Rdn 
Pxm 
Wol 
Tep 
Glc 

Mn4CaiSi60iB 

Mn7Si702i 

Ca3Si309 

Mn2Si04 

CaMnSi04 

Completely  miscible  above  about  550°C 
(Goldsmith  and  Graf,  1957) 

Disorders  at  about  450°C(?) 
(Goldsmith  and  Graf,  1957,  1960) 

Disorders  at  400°-500°C 

(?;  see  text) 

Wide  range  of  solid  solution 

(Rutstein  and  White,  1971) 

Ca  content  variable  (Liebau  et  al.,  1959) 

Accepts  little  Ca  (Liebau,  1959) 

Accepts  little  Mn  (Rutstein  and  White,  1971) 

Probably  completely  miscible 

(Glasser,  1961) 


occurrences  are  listed  in  Table  30. 
Minerals  in  the  system  CaO-MnO-Si02- 
C02  are  listed  in  Table  31,  and  their 
compositions  are  shown  on  Fig.  35. 

Two  of  the  minerals  in  Table  31  are 
unstable  at  high  temperatures.  Kut- 
nahorite, the  manganese  dolomite,  dis- 
orders above  450  °C  to  a  calcite  solid 
solution  (Goldsmith  and  Graf,  1957),  in 
a  transition  that  is  not  of  first  order 
(Goldsmith  and  Graf,  1960).  Johann- 
senite, the  manganese  diopside,  inverts 
at  high  temperatures  to  a  bustamite 
solid  solution  in  a  first-order  transition. 
The  transition  temperature  is  still  in 
doubt,    but    the    occurrence    of    hydro- 


CaO 


Fig.  35.  Compositions  of  some  minerals  in  the 
system  CaO-MnO-Si02-C02  projected  onto  the 
composition  plane  Ca0-MnO-SiO2. 
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thermal  bustamite  in  many  skarn  de- 
posits (including  some  of  those  men- 
tioned above)  suggests  that  the  inversion 
temperature  could  be  500°C  or  lower. 
For  the  purposes  of  the  present  discus- 
sion, we  shall  assume  that  the  inversion 
temperature  occurs  below  450  °C. 

Another  problem  relates  to  the  poly- 
morphism of  MnSi03.  The  occurrence  of 
pyroxmangite  containing  96.5  mole  % 
MnSi03  in  the  Ajiro  mine,  Japan  (Lee, 
1955) ,  the  hydrothermal  growth  of  the 
pyroxmangite  polymorph  of  MnSi03  by 
Peters  (1971),  and  the  fact  that  natural 
rhodonite  generally  contains  much  more 
Ca  than  natural  pyroxmangite  (Liebau, 
1959;  Liebau,  Hilmer,  and  Lindemann, 
1959)  suggest  that  pyroxmangite  might 
be  the  stable  polymorph  in  the  absence 
of  Ca.  High-pressure  reversed  experi- 
ments by  Akimoto  and  Syono  (1972), 
however,  have  confirmed  that  rhodonite 
is  the  stable  polymorph  at  low  pressures 
and  that  the  end  member  pyroxmangite 
is  stable  only  above  20  kb.  Pyroxmangite 
could  be  treated  as  stable  at  low  pres- 
sures only  if  some  Fe  were  combined 
with  Mn  for  a  consideration  of  natural 
assemblages.  (Combining  Fe  with  Mn 
would  also  tend  to  stabilize  ferroan 
johannsenite  with  respect  to  bustamite.) 

In  the  present  discussion  only  the  end- 
member  system  at  low  pressures  is  con- 
sidered, and  therefore  pyroxmangite  is 
omitted  (a  treatment  including  pyrox- 
mangite is  given  by  Burt  and  French, 
1972).  Temperatures  in  excess  of  450°C 
are  assumed,  so  that  kutnahorite,  and  it 
is  hoped  also  johannsenite,  can  be  treated 
as  unstable.  Lastly,  the  solid  solution 
between  glaucochroite  and  tephroite 
(Glasser,  1961)  is  assumed  to  be  com- 
plete. At  higher  oxygen  fugacities  than 
those  considered  here,  however,  the  solid 
solution  is  probably  broken  by  tie  lines 
between  oxide  phases  and  phases  along 
the  pyroxene  join.  This  relationship 
would  account  for  the  separate  occur- 
rence of  glaucochroite  and  tephroite  at 
Franklin,  New  Jersey  (Palache,  1935) . 


If  the  above  assumptions  are  made, 
progressive  decarbonation  in  the_  system 
CaO-MnO-Si02-C02  at  about  500  °C  can 
be  pictured  as  shown  in  Fig.  36.  There 
are  ten  reactions  (eleven  if  one  counts 
reaction  8a,  which  can  be  shown  to  be 
possible  only  over  a  very  limited  P-T 
range) .  The  reactions  are  listed  in  Table 
32,  along  with  references  to  experimental 
studies  involving  reactions  1,  3,  7,  and  8. 
On  the  basis  of  these  experimental 
studies  and  natural  assemblages,  Fig.  37 
can  be  drawn — a  schematic  P-T  dia- 
gram for  the  system  CaO-MnO-Si02- 
C02  in  the  range  450°  to  800°C,  0  to 
2.5  kb.  Note  that  reactions  2,  4,  and  8a 
have  no  metastable  extensions  (are  not 
heterogeneous)  beyond  the  CaC03- 
MnC03  critical  curve  at  550°C.  Glau- 
cochroite appears  between  reactions  9 
and  10  by  gradual  extension  of  tephroitic 
olivine  toward  more  calcic  compositions, 
but  this  also  is  not  a  heterogeneous  re- 
action. Assemblages  representative  of 
metamorphic  grades  above  those  of  re- 
action 10  have  probably  not  been  re- 
ported from  nature,  so  that  there  is  no 
reason  to  consider  here  sanidinite  facies 
reactions  that  would  involve  tilleyite, 
spurrite,  and  other  phases  in  the  system 
CaO-Si02-C02. 

Except  for  reaction  10,  the  decarbona- 
tion reactions  on  Figs.  36  and  37  are  well 
represented  in  nature.  For  example,  the 
assemblages  of  reactions  1  through  4  are 
present  at  various  places  in  the  Kaso 
manganese  mine,  Japan  (Yosimura, 
1939).  These  assemblages  include  Mn 
calcite-quartz-rhodochrosite,  calcic  rho- 
dochrosite-quartz-rhodonite,  rhodochro- 
site-rhodonite-tephroite,  and  Mn  calcite- 
rhodochrosite-tephroite.  Reaction  5  is 
represented,  for  example,  in  skarn  at  the 
Nakatatsu  mine,  Japan,  by  the  assem- 
blage calcite-quartz-bustamite  (Toku- 
naga,  1965).  Reactions  6  and  7  are  well 
represented  in  many  wollastonite-bear- 
ing  skarns.  Reactions  8  and  9  are  rep- 
resented at,  for  example,  the  Noda- 
Tamagawa  manganese  mine,  Japan,  by 
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Fig.  36.  Progressive  decarbonation  of  a  calcite-rhodochrosite-quartz  mixture  at  about  500° C. 
Numbers  refer  to  decarbonation  reactions  in  Table  32;  circled  numbers  identify  reactions  that 
have  been  studied  experimentally. 


TABLE  32.    Decarbonation  Reactions  in  the  System  CaO-MnO-Si02-C02 


Experimental  Studies 


2. 
3. 

4. 
5. 
6. 

7. 


8a. 
9. 


10. 


Rdc  +  Qtz  =  Rdn  +  Vap* 

MnC03  +  Si02  =  MnSi03  +  C02 

Rdc  ss  +  Qtz  =  Rdn  +  Cal  ss  +  Vap 

Rdc  +  Rdn  =  Tep  +  Vap 

MnCOs  +  MnSiO-3  =  Mn2Si04  +  C02 

(or  5)  Rdc  ss  +  Rdn  =  Tep  +  Cal  ss  +  Vap 

Rdn  +  Cal  +  Qtz  =  Bus  +  Vap 

Cal  +  Qtz  +  Bus  =  Wol  ss  +  Vap 

Cal  +  Qtz  =  Wol  +  Vap 

CaCOs  +  Si02  =  CaSiO-3  +  C02 

(or  9)  Rdc  =  Mno  +  Vap 

MnCO-3  =  MnO  +  C02 

(or  9a)  Rdc  ss  =  Mno  +  Cal  ss  +  Vap 

(or  8)  Rdn  +  Cal  ss  =  Bus  +  Tep  +  Vap 

(Glaucochroite  appears) 

Bus  +  Cal  =  Wol  +  Glc  +  Vap 


Peters,  1971;  Huebner 
and  Eugster,  1968 

Huebner  and  Eugster,  1968 


Greenwood,  19676; 
Harker  and  Tuttle,  1956 
Goldsmith  and  Graf,  1957; 
Huebner,  1969 


*  Vap.  vapor;  other  abbreviations  as  in  Table  31. 
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2000 


Fig.  37.   Schematic  P-T  diagram  of  the  system  CaO-MnO-Si02  in  the  range  0  to  2.5  kb,  450°- 
800°C. 


the  assemblages  manganosite-rhodochro- 
site-tephroite  and  bustamite-rhodonite- 
tephroite  (Watanabe,  Yui,  and  Kato, 
19706).  The  latter  assemblage  and  the 
assemblage  calcite-bustamite-tephroite 
were  reported  by  Tilley  (1946)  from  the 
Treburland  manganese  mine,  Cornwall, 
England.  Lastly,  glaucochroite,  typical 
of  metamorphic  grades  just  below  those 
of  reaction  10,  was  found  in  the  Parker 
shaft,  Franklin,  New  Jersey  (Palache, 
1935) .  Many  other  examples  could  be 
cited. 

If  excess  quartz  is  assumed  to  be 
present,  some  of  the  decarbonation  reac- 
tions can  be  depicted  in  a  schematic 
isobaric  T-XMn0  diagram  (Fig.  38). 
Analogous  diagrams  for  the  systems 
Ca0-Fe0-Si02-C02  and  CaO-MgO-Si02- 
C02  are  depicted  in  Figs.  39  and  40. 
Figure  39  is  based  on  Fig.  39  in  Year 
Book  70,  and  Fig.  40  on  recent  studies 
by  Johannes  (1969)  and  Metz  (1970), 
for  example. 


Comparison  of  Figs.  38,  39,  and  40 
shows  that,  in  terms  of  their  solid  solu- 
tion with  Ca2+  in  skarn  minerals,  Mn2+ 
exhibits  the  most,  Fe2+  somewhat  less, 
and  Mg2+  the  least.  Although  most  de- 
carbonation reactions  in  the  Mg  system 
and  (to  a  lesser  extent)  in  the  Fe  system 
involve  minerals  that  are  close  to  being 
pure  substances,  most  in  the  Mn  system 
involve  minerals  that  are  solid  solutions. 
Because  of  the  similar  ionic  radii  of 
Mn2+  and  Ca2+,  disordering  in  the  car- 
bonates (e.g.,  Goldsmith,  1959)  and  the 
formation  of  bustamite  (Rutstein,  1971) 
occur  at  lower  temperatures  in  the 
Ca-Mn-Si  skarn  system  than  related 
minerals  in  the  analogous  systems  with 
Fe  or  Mg. 

The  Mg  and  Mn  systems  are  similar 
in  that  for  many  purposes  the  effects  of 
oxygen  fugacity  can  be  ignored.  In  the 
Fe  system,  in  contrast,  the  composition 
"FeO"  is  represented  over  a  wide  range 
of  P,  T,  and  log  /o2  by  the  combination 
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Fig.  38.   Schematic  isobaric  T-Xmuo  diagram  of  the  system  CaO-MnO-Si02-C02  at  PCo2  =  1  kb 
and  in  the  presence  of  excess  quartz. 
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Fig.  39.  Diagram  analogous  to  Fig.  38  for  the  system  CaO-FeO-Si02-C02.    Numbers  refer  to 
decarbonation  reactions  in  Table  15  of  Year  Book  70. 
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Fig.  40.   Diagram  analogous  to  Fig.  38  for  the  system  CaO-MgO-Si02-C02 
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magnetite,  graphite,  and  vapor,  accord- 
ing to  the  relation 

FeO  =  1/3  Fe304  +  1/6  C  -  1/6  C02. 

The  three  systems  represented  in  Figs. 
38,  39,  and  40  can  be  combined,  and 
additional  components  such  as  H20  can 
be  similarly  treated. 

The  System  Fe-Si-C-O-H:  A  Model  for 
Metamorphosed  Iron  Formations 

D.  M.  Burt 

Mineral  stabilities  in  metamorphosed 
iron  formations  have  previously  been 
geochemically  modeled  in  the  four-com- 
ponent system  FeO-Fe203-Si02-H20  by 
Yoder  (Year  Book  56).  In  the  present 
contribution,  carbon  is  added  to  this  sys- 
tem, in  order  to  investigate  the  effects  on 
mineral  stabilities  of  the  graphite-oxy- 
gen buffer  and  of  the  C02  to  H20  ratio 
in  the  metamorphic  fluids  (c/.  French 
and  Eugster,  1965;  Eugster  and  Skippen, 
1967;  French,  1971).  The  minerals  to  be 
considered  are  listed  in  Table  33. 

Note  that  Table  33  does  not  in- 
clude the  minerals  goethite,  aFeOOH; 
amakinite,  Fe(OH)2;  cronstedtite, 
Fe2+3(Fe3+Si)04(OH)5  approximately;  or 
deerite,  Fe2+i3Fe8+7Sii8044(OH)ii  ap- 
proximately; these  are  absent  or  are  due 
to  weathering   in  the   rocks   being   dis- 


cussed. It  likewise  does  not  include  the 
low-temperature  minerals  nontronite, 
Fe3+2Si4Oi0  (OH)  2  •  nH20  approximately ; 
hisingerite,  Fe3+2Si205(OH)5-2H20  ap- 
proximately; and  related  phases,  which 
in  nature  contain  exchangeable  Ca  or 
Na.  The  stabilities  of  the- minerals  in 
Table  33  can  be  shown  on  diagrams  for 
the  systems  FeO-Si02-H20  (Fig.  41), 
Fe-Si-C-0  (Fig.  42),  and  Fe-Si-O-H 
(Fig.  43),  and  the  complete  system 
Fe-Si-C-O-H   (Figs.  44  to  46). 

Inferred  mineral  compatibilities  in  the 
system  FeO-Si02-H20  are  depicted  in 
Fig.  41  (after  Yoder,  Year  Book  56). 
Experiments  in  this  system  (Smith,  Year 
Book  56;  Flaschen  and  Osborn,  1957) 
were  unsuccessful  because  of  the  meta- 
stable  crystallization  of  fayalite. 

Inferred  mineral  stabilities  in  the  sys- 
tem Fe-Si-C-0  (cf.  Burt,  Year  Book  70, 
Fig.  38)  and  Fe-Si-O-H  are  depicted  on 
Figs.  42  and  43,  respectively.  The  only 
uncertainty  in  drawing  the  latter  figure 
relates  to  the  stability  or  metastability 
of  the  assemblage  hematite-minnesotaite 
with  respect  to  the  assemblage  magne- 
tite-quartz -  greenalite.  Hematite  -  min- 
nesotaite  apparently  occurs  in  iron 
formations  (Gundersen  and  Schwartz, 
1962,  pp.  42,  79;  Grubb,  1971,  p.  282), 
but  this  may  well  be  due  to  a  significant 
MgO  content  in  the  minnesotaite,  and 
the   figure  has  been   drawn   arbitrarily, 


TABLE 

33. 

Some 

Mi 

merals  in 

the 

System 

Fe-Si 

-C-O-H 

Mineral 

Symbol 

Formula 

Graphite* 

Magnetite 

Hematite 

Siderite 

Quartz 

Greenalite 

Minnesotaite 

Grunerite 

(Orthoferrosilite)  t 

Fayalite 


Gra 

Mag 

Hem 

Sid 

Qtz 

Gre 

Min 

Gru 

Ofs 

Fay 


C 

Fe304 

Fe203 

FeC03 

Si02 

Fe3Si206(OH)4 

Fe3Si4O10(OH)2 

Fe7Si8022(OH)2 

FeSi03 

Fe2Si04 


*  Or  amorphous  carbon. 

t  End-member  orthoferrosilite  is  unstable  at  low  pressures,  as  is  clinoferrosilite. 
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Fig.  41.    Assumed  low-temperature  mineral  compatibilities  in  the  system  FeO-Si02-H20  (after 
Yoder,  Year  Book  66). 
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Fig.  42.   Schematic  mo2-mco2  diagram  of  the  system  Fe-Si-C-O. 
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Fig.  43.   Schematic  Ato2-Mco2  diagram  of  the  system  Fe-Si-O-H. 
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Fig.  44.   Schematic  mh2o-juco2  diagram  of  the  system   Fe-Si-C-O-H,   assuming   that   siderite-gru- 
nerite  and  hematite-minnesotaite  are  incompatible  assemblages. 
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Fig.  45.    Schematic  mh2o-mco2  diagram  of  the  system   Fe-Si-C-O-H   in   the   presence   of   excess 
graphite  and  magnetite.  The  dashed  arrows  show  two  paths  of  metamorphism  discussed  in  the  text. 
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Fig.  46.  Schematic  T-XCo2/(Xco2  +  I%o)  diagram  of  the  system  Fe-Si-C-O-H  in  the  pres- 
ence of  excess  graphite,  magnetite,  and  vapor.  The  dashed  arrows  show  two  paths  of  metamor- 
phism  discussed  in  the  text. 
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assuming  that  the  end-member  minneso- 
taite  is  unstable  with  hematite. 

Figure  44  depicts  mineral  stabilities 
in  the  complete  system  Fe-Si-C-O-H  in 
terms  of  /i.h2o  and  /*co2-  Because  ^02  in 
metamorphosed  iron  formations  prob- 
ably was  internally  controlled  (buffered 
by  the  local  mineral  assemblage:  Burt, 
Year  Book  70),  this  diagram  can  be 
considered  as  a  facies  diagram  for  meta- 
morphosed iron  formations.  In  order  to 
keep  the  diagram  general  (applicable  to 
other  pressures),  the  metastable  exten- 
sions of  equilibria  involving  graphite  are 
shown  extending  beyond  the  limiting 
line  graphite/CH4-rich  vapor. 

The  major  uncertainty  in  constructing 
this  diagram,  other  than  the  one  already 
mentioned  with  regard  to  the  assem- 
blage hematite-minnesotaite,  relates  to 
the  assemblage  siderite-grunerite  as  op- 
posed to  the  assemblage  graphite-mag- 
netite-quartz minnesotaite.  The  vapor- 
absent  univariant  reaction  in  question  is 

4  FeC03  +  5  Fe7Si8022(OH)2 

Sid  Gru 

=  4  C  +  8  Fe304  + 

Gra  Mag 

20  Si02  + 

Qtz 

5Fe3Si4O10(OH)2. 

M«j 

Molar  volume  data  in  Robie,  Bethke, 
and  Beardsley  (1967)  indicate  that  the 
left-hand  side  of  the  reaction  has  a 
smaller  volume  and  thus  would  tend  to 
be  favored  with  increasing  pressure. 

The  assemblage  impure  siderite-gru- 
nerite has  occasionally  been  reported 
from  iron  formations  (e.g.,  Lacroix, 
1917,  p.  68;  Klein,  1966,  p.  255),  but  the 
alternative  assemblage  graphite-magne- 
tite-quartz -minnesotaite  probably  is 
more  common.  For  Fig.  44  it  has  arbi- 
trarily been  assumed  that  the  latter  as- 
semblage is  stable  in  the  end-member 
system. 

Note  that  many  reactions  on  Figs.  43 
and  44  are  analogous,  with  02  on  Fig.  43 
being     replaced     by     the     combination 


(CO2-C)  on  Fig.  44.  This  fact  is  men- 
tioned here  to  emphasize  that  graphite 
probably  is  a  very  important  oxygen 
buffer  in  metamorphosed  carbonate- 
facies  iron  formations. 

A  much  simpler  version  of  Fig.  44  is 
given  in  Fig.  45,  which  shows  only  phases 
in  equilibrium  with  graphite  plus  mag- 
netite. A  metastable  stability  field  of 
orthoferrosilite  is  also  shown.  End- 
member  orthoferrosilite  is  unstable  at 
low  and  moderate  pressures,  but  most 
high-grade  metamorphosed  iron  forma- 
tions contain  an  iron-rich  orthopyroxene, 
ferrohypersthene,  or  "eulite."  Satura- 
tion on  Fig.  45  is  represented  by  meth- 
ane-rich vapor  under  high  fxU2o  condi- 
tions and  by  siderite  under  high  /zCo2 
conditions. 

The  same  equilibria  are  depicted  in 
Fig.  46,  a  schematic  T-XCo2/ (Xco2  + 
^h2o)  diagram.  For  this  figure  the  mole 
fractions  of  the  gas  species  CH4  and  H2 
are  recalculated  in  terms  of  the  com- 
ponents C,  C02,  and  H20,  and  the  C 
content  of  the  vapor  is  then  ignored. 
Projection  through  graphite  means  that 
values  of  XC02/{XC02  +  XH2o)  of  less 
than  zero  are  possible,  with  the  minimum 
value  being  — 1.0  for  CH4-H2  mixtures. 

The  maximum  values  of  XCo2/  (XGo2 
-4-  A^h2o)  at  which  the  hydrous  phases 
greenalite,  minnesotaite,  and  grunerite 
are  stable  cannot  be  determined  from 
present  data.  Nonetheless,  it  is  evident 
from  Figs.  45  and  46  that  at  high  values 
of  this  parameter  these  hydrous  phases 
become  unstable  with  respect  to  the  as- 
semblages siderite-quartz  and  graphite- 
magnetite-quartz.  In  nature,  MgO  and 
other  components  extend  the  stabilities 
of  the  hydrous  phases  to  higher  mole  frac- 
tions of  C02. 

Progressive  metamorphism  of  a  carbo- 
nate-facies  iron  formation  is  fairly  well 
modeled  on  Fig.  45  by  a  simultaneous 
decrease  in  i*Co2  and  /ah2o,  approximately 
along  a  45°  line  of  constant  C02  to  H20 
ratio,  as  shown  by  the  long-dashed  ar- 
rows.   On  this  figure  fxo2  is  internally 
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buffered  by  graphite.  It  might  not  be 
unreasonable  to  expect  the  CO2  to  H20 
ratio  to  be  buffered  as  well  during  meta- 
morphism,  in  which  case  a  possible  path 
is  shown  by  the  short-dashed  arrows. 
Analogous  paths  are  shown  on  Fig.  46  as 
being  due  to  an  increase  in  temperature. 
The  paths  shown  are  similar  to  those  de- 
scribed by,  for  example,  French  (1968) 
for  the  contact  metamorphism  of  the 
Biwabic  iron  formation,  Minnesota,  if 
allowance  is  made  for  added  components 
in  the  natural  assemblages.  They  are 
analogous  to  those  discussed  by  Green- 
wood (1967a)  in  the  system  MgO-Si02- 
CO2-H2O  (see  also  Finger  and  Burt,  this 
report,  Fig.  154). 

The  Influence  of  Fluorine  on  the 
Facies  of  Ca-Fe-Si  Skarns 

D.  M.  Burt 

In  Ca-Fe-Si  skarn  deposits  the  ele- 
ment fluorine  occurs  in  only  two  anhy- 
drous minerals — fluorite  (CaF2)  and 
cuspidine  (Ca4Si207F2).  Similarly,  car- 
bon dioxide  commonly  occurs  in  only 
three    minerals — calcite     (CaC03),    til- 


leyite  (Ca5Si207[C03]2),  and  spurrite 
(Ca5Si208[C03]).  Therefore,  in  "mod- 
erate "-temperature  skarns  (wollastonite 
grade  and  below)  fluorite  and  calcite 
must  participate  in  analogous  equilibria, 
as  must  cuspidine  and  tilleyite  (or  spur- 
rite) in  sanidinite  facies  (high-tempera- 
ture) skarns.  Equilibria  involving  fluorite 
and  calcite  must  also  play  a  role  in 
determining  the  facies  of  skarn,  vein, 
and  greisen  deposits  of  tungsten,  which 
commonly  contain  scheelite  (CaW04)  or 
ferberite  (FeW04)  but  rarely  both. 
These  concepts  can  be  tested  on  sche- 
matic mineral  stability  diagrams  derived 
from  natural  assemblages,  involving  the 
chemical  potentials  of  gases  in  the  sys- 
tem C-O-F. 

The  minerals  to  be  considered  are 
listed  in  Table  34.  Except  for  calcite 
and  siderite,  all  minerals  will  be  treated 
as  pure  substances. 

The  Analogous  Roles  of  C02  and  Fz0.t 

The  analogies  among  CCVbearing  and 
F-bearing  minerals  in  skarns  are  most 
easily  seen  if  the  component  F20_i,  con- 
taining   negative    oxygen,    is    used    (for 


TABLE  34.    Some  Minerals  in  the  System  Ca-Fe-Si-W-C-O-F 


Name 

Abbreviation 

Formula 

Graphite 

Gra 

C 

Lime 

Lim 

CaO 

Magnetite 

Mag 

Fe304 

Hematite 

Hem 

Fe203 

Fluorite 

Flu 

CaF2 

Calcite 

Cal 

CaC03  t(Ca,  Fe)C03] 

Siderite 

Sid 

FeC03  [(Fe,  Ca)C03] 

Ferberite 

Frb 

FeWCU 

Scheelite 

Sch 

CaWC-4 

Quartz  (tridymite,  cristobolite) 

Qtz 

SiO-2 

Hedenbergite 

Hed 

CaFeSi206 

Wollastonite  (pseudowollastonite) 

Wol 

CaSi03 

Rankinite  (kilchoanite) 

Rnk 

Ca3Si207 

Tilleyite 

Til 

Ca6Si207(C03)2 

Cuspidine 

Cus 

Ca4Si207F2 

Fayalite 

Fay 

Fe2Si04 

Larnite  (bredigite,  shannonite) 

Lar 

Ca2Si04 

Spurrite 

Spr 

Ca6Si208(C03) 

Andradite 

And 

Ca3Fe2Si30i2 
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example,  CaC03  =  CaO  +  C02  and 
CaF2  =  CaO  +  F20.x).  In  an  anhy- 
drous system  I  shall  define  /*f2o-i  =  p>f2 
—  V2  Mo2)  and  in  a  hydrous  system 
yuF2o-i  =  2^Hp  —  ^h2o-  Therefore,  for 
any  phase  diagram  involving  /af2o-i  one 
can  substitute  2/xHf  at  constant  juH2o- 
The  species  HF  and  H20  are  not  ex- 
plicitly considered  here  because  no  hy- 
drous phases  are  involved. 

Figures  47A  and  47B  depict  the  anal- 
ogous systems  CaO-Si02-C02  and  CaO- 
SiCVFoO.L  Figure  47A  is  after  Tilley 
(1951),  and  Fig.  47B  is  modified  from 
Brisi  (1957).  On  Fig.  47B  the  corner 
F20_i  can  only  be  labeled  "Vap"  at  a 
constant  fugacity  of,  for  example,  02  or 
H20,  inasmuch  as  the  species  F20-i  does 
not  exist  in  nature.  The  most  recent  ex- 
perimental   work    related    to    Fig.    47A 


Qtz 


CaO 


Lim 


Vap 


Qtz 


CaO 


Lim 


FoO_, 


Fig.  47.  (A)  The  system  CaO-Si02-C02  (un- 
specified P  and  T).  (B)  The  system  CaO-Si02- 
F20-i  (unspecified  P  and  T) . 


(Zharikov  and  Schmulovich,  1969)  indi- 
cates that  the  assemblage  spurrite-wol- 
lastonite  shown  is  stable  only  below  150 
bars  Pco2  at  900  °C.  At  higher  P  and  T 
the  assemblage  tilleyite-rankinite  be- 
comes stable.  Figure  47B  is  believed  to 
be  valid  for  a  broad  range  of  P-T  condi- 
tions. (In  this  treatment  the  polymor- 
phism of  quartz,  wollastonite,  rankinite, 
and  larnite  is  ignored.) 

With  a  decrease  in  P  or  increase  in  T, 
the  tie  lines  separating  the  silicate  phases 
from  vapor  on  Figs.  47A  and  47B  are 
successively  broken.  Each  such  breakage 
results  in  a  decarbonation  reaction  (cor- 
responding to  a  C02  buffer)  for  Fig.  47A 
and  a  "defluoridation  reaction"  (cor- 
responding to  a  F0O-1  buffer)  for  Fig. 
47B.  The  C02  and  F20-i  buffers  cor- 
responding to  the  successive  decarbona- 
tion and  defluoridation  reactions  are, 
respectively,  vertical  and  horizontal  lines 
on  Fig.  48,  a  yu.F20-1-jU.c02  diagram  for  the 
system  CaO-Si02-F20„i-C02  at  the  pres- 
sures and  temperatures  of  sanidinite- 
facies  skarn  formation.  On  this  diagram 
the  stability  fields  of  calcite  and  fluorite 
are  separated  by  a  line  of  slope  +1 
(45°),  which  is  the  reaction 

CaC03  +  F20.!  =  CaF2  +  C02. 

Cal  Flu 

As  the  diagram  shows,  calcite-cuspi- 
dine  is  a  stable  assemblage  in  nature 
(e.g.,  Tilley,  1947),  and  the  first  appear- 
ance of  cuspidine  can  be  written  as  the 
decarbonation  reaction 

CaC03  +  CaF2  +  2CaSi03  = 

Cal  Flu  Wol 

Ca4Si207F2  +  C02. 

Cus 

This  reaction  occurs  at  ^co2's  above 
(temperatures  below)  those  needed  to 
produce  tilleyite. 

If  cuspidine  is  present  in  a  skarn, 
fluorite  is  commonly  absent,  presumably 
because  the  skarn  environment  has  a 
high  enough  C02  to  F20_i  ratio  that  any 
fluorine  is  taken  up  as  cuspidine.  As 
shown   on  Fig.  48,   cuspidine  can   form 
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Fig.  48.  Schematic  /iF2o_i-/*co2  diagram  of  the  system  CaO-Si02-F20-i-C02  for  sanidinite  facies 
skarns.  The  inset  shows  the  compositions  of  the  minerals  projected  onto  the  composition  coordi- 
nate CaO-Si02. 
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>•    2/LCC02 

Fig.  49.  Schematic  /xo^/xcoo  diagram  of  the  system  Ca-Fe-Si-C-0  for  "moderate"  P  and  T  skarns. 


well  outside  the  fluorite  stability  field, 
except  at  very  high  temperatures  (low 
Mco2's). 

The  components  FeO  and  FeOi.5  can 
be  added  to  the  systems  of  Fig.  47  to 
yield  the  (jloo-^i^coo  diagram,  Fig.  49  (Fig. 
38  of  Year  Book  70) ,  and  the  ju.o2-2^p2o-i 
diagram,  Fig.  50.  Both  diagrams  were 
constructed  on  the  basis  of  Ca-Fe-Si 
skarn  assemblages  found  in  nature 
(Burt,  Year  Book  70)  but  also  are  con- 
sistent with  published  experimental  work 
(e.g.,  Gustafson,  1968).  Under  condi- 
tions such  that  cuspidine,  tilleyite,  and 
spurrite   are  unstable,   the   skarn   facies 


depicted  on  the  two  diagrams  are  seen  to 
be  completely  analogous,  except  that  in 
Fig.  50  graphite  does  not  appear  under 
reducing  conditions,  and  no  FeF2  phase 
corresponding  to  siderite  has  yet  been 
found  in  nature.  Therefore,  Fig.  49 
has  twelve  numbered  invariant  points, 
whereas  Fig.  50  has  only  four. 

On  diagrams  involving  both  F20.x  and 
C02,  the  numbered  invariant  points  on 
Figs.  49  and  50  become  univariant  lines, 
as  shown  on  Fig.  51.  This  figure  is  a 
j"f2o-i-/*co2  projection  of  the  six-com- 
ponent system  CaO-FeO-FeOi.5-Si02- 
C02-F20.i  at  "moderate"  pressures  and 
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Fig.  50.   Schematic  /uo2-2mf2o_i  diagram  of  the  system   Ca-Fe-Si-O-F   for   "moderate"   P   and    T 
skarns. 


temperatures  (roughly  in  the  range 
300°-500°C,  10-2000  bars).  Figures  48 
and  51  both  show  how  equilibria  involv- 
ing C02  can  be  "reflected"  through  the 
calcite/fluorite  line  to  become  analogous 
equilibria  involving  F20_i. 

Tungsten  Minerals 

Ferberite  (FeW04)  is  a  common  tung- 
sten ore  mineral  in  veins  and  greisens, 
but  scheelite  (CaW04)  is  the  character- 
istic tungsten  ore  mineral  in  skarns.  The 
explanation  for  this  fact  is  not  simply 
that  ferberite  is  unstable  with  Ca-rich 
minerals,    because    fluorite     (CaF2)     is 


usually  present  in  ferberite-bearing  veins 
and  greisens.  An  important  variable 
appears  to  be  the  relative  ratio  of  F20_i 
to  C02  in  the  ore-depositing  fluid,  as 
shown  on  Fig.  52  a  /af2o- 1-^002  diagram 
for  the  system  Ca-Fe-W-O-C-F.  In  terms 
of  fj-F2o-i  and  /uco2,  this  diagram  is  an  en- 
largement of  the  upper  right  corner  of 
Fig.  51.  On  Fig.  52  the  assemblage 
fluorite-ferberite,  characteristic  of  grei- 
sens and  veins,  is  stable  only  in  the 
relatively  C02-depleted,  F20-i-rich  en- 
vironment shaded  to  the  upper  left.  The 
assemblage  calcite-scheelite  (with  or 
without  magnetite),  characteristic  of 
skarns,  is  stable  only  in  the  relatively 
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Fig.  51.   Schematic  AtF2o_1-Mco2  projection  of  the  system  Ca-Fe-Si-C-O-F  for  "moderate"  P  and  T 
skarns. 
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Fig.  52.  Schematic  /ip2o_!-Mco2  projection  of  the  system  Ca-Fe-W-C-O-F  in  skarns,  veins,  and 
greisens.  The  assemblage  fiuorite-ferberite,  characteristic  of  greisens  and  veins,  is  stable  in  the 
area  with  vertical  hachures.  The  assemblage  calcite-scheelite,  characteristic  of  skarns,  is  stable  in 
the  area  with  horizontal  hachures. 
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C02-rich,  F20-i-depleted  environment 
shaded  to  the  lower  right.  Under  no 
naturally  occurring  conditions  is  fer- 
berite  compatible  with  calcite.  Similar 
phase  relations  apply  to  huebnerite 
(MnW04)  and  intermediate  members  of 
the  wolframite  series,  none  of  which  are 
found  in  skarns.  Figures  51  and  52  to- 
gether show  that  skarn  silicates  do  not 
occur  in  greisens  and  related  veins  be- 
cause they  are  unstable  with  respect  to 
mixtures  of  graphite,  magnetite  (or 
hematite),  fluorite,  and  quartz. 

Applications 

The  equilibria  depicted  in  Figs.  48 
through  51  can  be  used  to  estimate  the 
relative  chemical  potentials  of  O2,  C02, 
and  F20-i  (or  HF)  during  the  formation 
of  various  mineral  assemblages  in  fluor- 
ite and  cuspidine-bearing  skarns,  veins, 
and  greisens.  In  favorable  instances  the 
relative  /aF2o-i  could  probably  be  corre- 
lated with  the  (F)/(OH)  ratio  in  co- 
existing hydrous  skarn  minerals  such  as 
amphiboles  or  micas  (cf.  Geijer,  1961 ; 
Nemec,   1968;   Shimazaki,   1968a). 

Some  of  the  equilibria  cited  could  be 
used  to  buffer  fiHF  in  hydrothermal  ex- 
periments (Munoz  and  Eugster,  1969). 
Equilibria  involving  cuspidine  would 
probably  be  less  useful  than  those  in- 
volving fluorite,  because  cuspidine  is 
incompatible  with  quartz  (Fig.  47B). 
One  potentially  very  useful  buffer  reac- 
tion is 


Fe304  +  3CaW04 

Mag  Sch 


6HF 


3CaF2  +  3FeW04  +  V2  02  +  3H20. 

Flu  Frb 

At  a  given  ^02  this  buffer  (or  its  ana- 
logue involving  hematite)  controls  juhf 
at  higher  levels  than  do  other  buffers  in 
the  system  CaO-FeO-FeO!  5-Si02-W03- 
COo-FoO.l 


libria  that  are  analogous  to  those  in- 
volving calcite,  tilleyite,  and  spurrite  in 
C02-bearing  systems.  The  analogies  are 
especially  good  if  the  component  F20.i  is 
considered.  Graphical  analysis  reveals 
that  cuspidine  can  form  at  lower  tem- 
peratures (higher  /xco2's)  than  tilleyite 
or  spurrite. 

2.  The  assemblage  fluorite-wolframite, 
characteristic  of  greisens  and  some  veins, 
indicates  an  environment  relatively  en- 
riched in  F20_i  (or  HF)  and  depleted  in 
C02.  Calcite-scheelite,  characteristic  of 
other  veins  and  skarns,  indicates  an  en- 
vironment relatively  enriched  in  C02 
and  depleted  in  F20_i.  Members  of  the 
wolframite  series  are  incompatible  with 
calcite. 

3.  Many  skarn  and  greisen  mineral 
assemblages  involving  fluorite  are  po- 
tentially useful  as  laboratory  buffers  of 
HF. 

SILICATE-SULFIDE   EQUILIBRIA    IN 

Ca-Fe-Si  Skarn  Deposits 
D.  M.  Burt 

The  fact  that  skarn  silicates  seem  to 
form  earlier  than  ore  minerals  in  skarn 
deposits  (Burt,  Year  Book  70)  suggests 
that  the  early  skarn  silicates  could  exert 
chemical  (or  textural)  controls  on  later 
ore  deposition.  This  hypothesis  is  con- 
sistent with  the  observations  that  ore  is 
commonly  restricted  to  the  skarn  and  that 
particular  ore  minerals  tend  to  show 
marked  associations  with  a  single  skarn 
mineral  or  mineral  zone.  Proposed  equi- 
libria in  parts  of  the  eight-component 
system  Ca-Fe-Si-C-O-S-Cu-Zn  provide 
chemical  explanations  for  many  observed 
skarn  mineral-ore  mineral  associations. 
Implicit  assumptions  are  that  the  min- 
erals were  in  equilibrium  at  the  time  of 
deposition  and  that  the  system  was  open 
to  02,  S2,  and  C02. 


Summary 

1.  In  fluorine-bearing  systems,  fluorite 
and  cuspidine  participate  in  skarn  equi- 


Sphalerite-Hedenbergite  Associations 

A  common  association  in  many  skarn 
zinc  deposits  in  the  southwestern  United 
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Fig.  53.    Schematic  ms2-Mo2  diagram  of  the  system    CaSi03-Si02-Fe-0-S    at   a   temperature    of 
about  400°C.  Saturation  with  liquid  sulfur  would  occur  at  fia2's  higher  than  those  shown. 


States,  Mexico,  and  many  other  areas,  is 
manganiferous  hedenbergite  with  sphal- 
erite (e.g.,  Allen  and  Fahey,  1957;  Burt, 
unpublished) .  This  association  can  ten- 
tatively be  explained  in  terms  of  min- 
eral stabilities  in  the  system  Ca-Fe-Si- 
C-O-S  (combining  some  Mn2+  with  Fe2+ 
as  a  first  approximation). 

Figure  53  is  a  schematic  ju,g2-/xo2  dia- 
gram, drawn  from  natural  assemblages, 
of  the  system  CaSi03-Si02-Fe-0-S  at  a 
temperature  on  the  order  of  400  °C  and  a 
pressure  on  the  order  of  a  few  kilobars 


or  less.  An  uncertainty  in  the  topology 
of  this  diagram  relates  to  the  relative 
stabilities  of  the  assemblages  magnetite- 
anhydrite-quartz  and  pyrite-hematite- 
andradite,  according  to  the  vapor-absent 
univariant  reaction 

45  Fe304  +  6  CaS04  +  6  Si02  = 

Mag  Ahy  Qtz 

3  FeS2  +  64  Fe203  +  2  Ca3Fe2Si30i2. 

Py  Hem  And 

Both  assemblages  have  been  reported 
from  nature,  and  Fig.  53  has  been  arbi- 
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trarily  drawn  consistent  with  the  reac- 
tion going  to  the  left.  (In  Figs.  54 
through  57  it  is  treated  as  going  to  the 
right.) 

Independent  of  the  direction  taken  by 
the  above  reaction,  Fig.  53  shows  that 
the  stable  sulfidation  reaction  terminal 
to  andradite  is  probably 

2  Ca3Fe2Si3012  +  5  S2  = 

And 

4  FeS2  +  2  CaS04  +  2  Si02  +  4  CaSi03. 

Py  Ahy  Qtz  Wol 


This  S2-buffer  reaction  apparently  has 
not  yet  been  investigated  in  the  labora- 
tory. The  buffer  assemblage  is  stable 
only  at  the  uppermost  invariant  point  on 
Fig.  53  and  would  therefore  not  tend  to 
occur  in  nature.  The  high  /!02-high  nS2 
breakdown  products  of  andradite  in 
nature  should  be  the  assemblage  pyrite- 
anhydrite-quartz,  magnetite-anhydrite- 
quartz,  or  hematite-anhydrite-quartz. 
Under    reducing    conditions    andradite 


Fig.  54.   Schematic  /jlb2-ho2  diagram  of  the  system  Ca-Fe-Si-C-O-S  at  a  constant  /tco2  between 
those  of  decarbonation  reactions  7  and  8  of  Table  15,  Year  Book  70. 


GEOPHYSICAL     LABORATORY 


453 


Fig.  55.   Schematic  /is2-^o2  diagram  of  the  system   Ca-Fe-C-O-S   at  a   constant  ixco2  between 
those  of  decarbonation  reactions  6  and  7  of  Table  15,  Year  Book  70. 


breaks  down  to  the  assemblage  pyrite- 
wollastonite  or  pyrrhotite-wollastonite. 

A  second  uncertainty  in  the  topology 
of  Fig.  53  involves  the  assemblages  py- 
rite-hedenbergite  and  pyrrhotite-quartz- 
andradite,  related  to  each  other  through 
the  vapor-absent  reaction 

2  "FeS"  +  3  Si02  +  Ca3Fe2Si3012  = 

Po  Qtz  And 

FeS2  +  3  CaFeSi206. 

Py  Hed 


At  the  relatively  low  temperature  of  Fig. 
53,  this  reaction  can  probably  be  treated 
as  going  to  the  right  (as  shown),  in 
which  case  the  stable  sulfidation  reaction 
terminal  to  hedenbergite  is 

3  CaFeSi206  +  S2  = 

Hed 

FeS2  +  3  Si02  +  Ca3Fe2Si30i2. 

Py  Qtz  And 

The  right-hand  assemblage  is  common  in 
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skarns  such  as  those  at  Hanover,  New 
Mexico  (Burt,  unpublished).  At  higher 
temperatures,  pyrrhotite  might  take  the 
place  of  pyrite  in  the  above  reaction.  The 
metastable  sulfidation  of  hedenbergite  in 
short-term  laboratory  experiments  has 
yielded  instead  a  mixture  of  pyrrhotite 
or  pyrite,  quartz,  magnetite,  and  wol- 
lastonite  (Kullerud,  1967). 

Carbon  dioxide  can  be  introduced  into 
the  equilibria  of  Fig.  53  by  considering 
MS2-MO2  diagrams  drawn  at  constant 
ficoo-    Figure  54  shows  such  a  diagram 


2AS2 


at  a  JU.C02  between  those  of  decarbonation 
reactions  7  and  8  of  Table  15,  Year  Book 
70,  and  Fig.  55  shows  such  a  diagram  at 
a  /*co2  between  reactions  6  and  7.  Mini- 
mum attainable  values  of  fio2  are  marked 
by  the  graphite  line. 

Figures  53,  54,  and  especially  55  show 
that  the  retrogressive  breakdown  of 
andradite  (which  contains  ferric  iron) 
might  tend  to  oxidize  through-going  so- 
lutions, whereas  the  retrogressive  break- 
down of  hedenbergite  (containing  ferrous 
iron)    might   tend   to   reduce   them.    If 


(?) 


Bn-Py 


Cp  Point  Bn-Py-Cp-Wol-/! 

Wol 


Bn       Hem 


Bn  Cp      Py 


^M02 


Fig.  56.   Schematic  2/jLs2-fio2  diagram  of  the  system  CaSi03-Fe-Cu-0-S  at  temperatures  slightly 
above  330° C. 
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2AS2 


Assemblage  Po,  Py-SI 
Assemblage  Wol-And-SI 


(?) 


->m< 


Fig.  57.  Schematic  2^s2-/io2  diagram  of  the  system  CaSiOa-Fe-Zn-O-S  in  skarns.  The  two  types 
of  dashed  lines  show  contours  of  equal  FeS  content  in  sphalerite  for  the  assemblages  discussed  in 
the  text.   The  numbers  are  for  purposes  of  illustration  only. 


reducing  the  solutions  lowers  sphalerite 
solubility  (by,  for  example,  converting 
S04"2  ions  to  S"2  ions),  then  the  pref- 
erential association  of  sphalerite  with 
hedenbergite  in  skarn  zinc  deposits  is 
explained. 

Associations  of  Copper  Minerals  and 
Low-Iron  Sphalerite  with  Wollastonite 

Wollastonite     is     a     common     early- 
formed  gangue  mineral  in  skarn  deposits 


that  have  been  formed  at  high  tempera- 
tures. When  solutions  depositing  iron- 
rich  ore  minerals  such  as  chalcopyrite  or 
high-iron  sphalerite  encounter  wollas- 
tonite, they  tend  to  react  with  it  to 
produce  andradite  plus  iron-poor  ore 
minerals  such  as  bornite  or  low-iron 
sphalerite.  A  consequence  of  this  fact  is 
that  the  particular  copper  mineral  co- 
existing with  wollastonite  plus  andradite 
and  the  iron  content  of  sphalerite  coex- 
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TABLE  35.   Some  Minerals  in  the  System  CaSi03-Fe-Cu-Zn-0-S 


Mineral 


Symbol 


Formula 


Bornite 

Sphalerite 

Chalcopyrite 

Pyrrhotite 

Pyrite 

Cubanite 

Magnetite 

Hematite 

Anhydrite 

Quartz 

Wollastonite 

Andradite 


Bn 
SI 
Cp 
Po 

Py 

Cb 

Mag 

Hem 

Ahy 

Qtz 

Wol 

And 


CXuFeS* 

(Zn,  Fe)S 

CuFeS2 

Fei_xS  (FeS,  troilite) 

FeS2 

CuFe2S3 

Fe304 

Fe203 

CaS04  (not  in  the  system) 

Si02  (not  in  the  system) 

CaSiOa 

Ca3Fe2Si30i2 


isting  with  wollastonite  plus  andradite 
are  potentially  valuable  indicators  of 
relative  oxygen  and  sulfur  fugacities  in 
hydrothermal  ore-depositing  solutions. 
The  relevant  equilibria  lie  in  the  degen- 
erate systems  CaSi03-Fe-0-S-Cu  and 
CaSHVFe-O-S-Zn.  The  minerals  in- 
volved are  listed  in  Table  35. 

Figure  56  is  a  schematic  2^s2-/uo2  dia- 
gram, based  on  natural  assemblages,  of 
the  first  system  mentioned  above.  In  the 
figure  it  is  somewhat  arbitrarily  as- 
sumed that  the  following  two  vapor- 
absent  reactions  go  to  the  right  (natural 
evidence  is  rare) : 

75  Cp  +  6  Ahy  +  6  Qtz  = 
15  Bn  +  48  Py  +  4  Hem  +  2  And 

and 

25  Cp  +  2  Ahy  +  2  Qtz  +  4  Wol  = 
5  Bn  +  16  Py  +  2  And. 

The  temperature  is  assumed  to  be  greater 
than  about  330 °C,  so  that  cubanite-py- 
rite  is  a  stable  assemblage  (Yund  and 
Kullerud,  1966).  The  assemblage  cuba- 
nite-pyrite  occurs  in  skarns  at  Fierro, 
New  Mexico,  for  example  (Schwartz, 
1923),  although  it  is  normally  destroyed 
during  cooling. 

For  the  present  discussion,  the  most 
important  univariant  line  on  Fig.  56  is 
the  one  radiating  from  the  labeled  in- 
variant point  Bn-Py-Cp-Wol-And.   This 


line,  which  could  be  labeled  (Py),  is  the 
reaction 

5  CuFeS2  +  6  CaSi03  +  3  02  = 

Cp  Wol 

Cu5FeS4  +  2  Ca3Fe2Si3012  +  3  S2. 

Bn  And 

To  the  right  of  this  line  (under  rela- 
tively oxidizing  or  low-sulfur  condi- 
tions), chalcopyrite  and  wollastonite  are 
incompatible  and  react  to  give  bornite 
plus  andradite.  To  the  left,  the  opposite 
is  true. 

A  diagram  analogous  to  Fig.  56,  with 
zinc  in  place  of  copper,  is  presented  in 
Fig.  57.  Because  sphalerite  is  the  only 
ore  mineral  of  zinc  common  in  Ca-Fe-Si 
skarn  deposits,  no  heterogeneous  reac- 
tions involving  zinc  are  depicted.  The 
dashed  lines  give  schematic  contours  of 
the  FeS  content  of  sphalerite  for  various 
assemblages.  The  long-dashed  lines  are 
for  the  assemblages  sphalerite-pyrrhotite 
(horizontal) ,  sphalerite-pyrite  (also  hori- 
zontal), sphalerite-hematite  (slope  of 
+3) ,  and  sphalerite-magnetite  (slope  of 
+8/3).  The  short-dashed  lines  are  for 
the  assemblages  sphalerite-wollastonite- 
andradite  (slope  of  +3)  and  sphalerite- 
anhydrite -quartz -andradite  (slope  of 
—  12/5).  The  molar  FeS  contents  at- 
tached to  these  lines  on  the  figure  are  for 
purposes  of  illustration  only — they  have 
not  yet  been  calculated  nor  determined 
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experimentally.  They  are  representative 
of  the  FeS  contents  of  skarn  sphalerites 
(c/.  Rose,  1961;  Barton  and  Toulmin, 
1966;  Scott  and  Barnes,  1971). 

In  Fig.  57  the  maximum  FeS  content 
of  sphalerite  at  a  given  ^g2  and  ^o2  is  in 
sphalerite  coexisting  with  an  iron  sulfide 
or  oxide  phase.  The  FeS  content  of  sphal- 
erite in  the  assemblage  sphalerite-wol- 
lastonite-andradite  must  be  everywhere 
less  than  this,  except  along  the  uni- 
variant  lines  marking  the  breakdown  of 
andradite. 

As  an  example  of  the  application  of 
the  present  treatment,  the  wollastonite- 
rich  areas  in  the  Maruyama  deposit  of 
the  Tsumo  mine,  Japan  (Shimazaki, 
1968a,  6;  Burt,  unpublished)  can  be 
considered.  In  veins  and  replacement 
bodies  in  the  wollastonite  zone  the  ore 
typically  consists  of  magnetite-pyrrho- 
tite-dark  (iron-rich)  sphalerite  (with  or 
without  chalcopyrite,  rarely  with  cu- 
banite) .  Such  zones  are  separated  from 
wollastonite  by  several  meters  of  massive 
green  andradite  containing  sphalerite 
and  chalcopyrite.  Farther  out,  fresh  wol- 
lastonite occurs,  intergrown  with  minor 
green  andradite,  pale  (iron-poor)  sphal- 
erite, and  chalcopyrite.  Superposition  of 
Figs.  56  and  57  reveals  that  between  the 
pyrrhotite-magnetite-dark  sphalerite  ore 
and  the  wollastonite-andradite-chal- 
copyrite-light  sphalerite  ore,  total  iron 
was  greatly  depleted  and  /*o2  decreased. 
(The  solutions  crossed  the  line  Bn  + 
And  ->  Cp  +  Wol  on  Fig.  56.)  The 
probable  explanation  is  that  the  forma- 
tion of  the  intermediate  zone  of  massive 
andradite  ore  involved  the  extraction  of 
large  amounts  of  ferric  iron  from  the 
solutions. 

Additional  Associations 

Similar  silicate-sulfide  equilibria  in- 
volving additional  minerals  in  the  system 
Ca-Fe-Si-C-O-S-Cu-Zn  (+H,  if  ilvaite 
is  considered)  also  occur  in  skarns,  but 
the  equilibria  are  more  difficult  to  pic- 
ture graphically.  As  one  simple  example, 


consider  the  common  skarn  assemblage 
sphalerite  -  quartz  -  hedenbergite  -  andra- 
dite. This  assemblage  controls  the  FeS 
content  of  sphalerite  by  the  reaction 

2  FeS  (in  SI)  +  6  Si02  + 

Sl88  Qtz 


2  Ca3Fe2Si3012 

And 


6  CaFeSi206  +  S2 

Hed 


The  contours  of  equal  FeS  content  for 
this  assemblage  on  Fig.  57  would  have  a 
horizontal  slope,  as  02  is  not  involved  in 
the  reaction  above.  However,  the  sphal- 
erite becomes  more  iron  rich  as  /xS2  is 
increased  (independent  of  fio2)  >  whereas 
the  opposite  happens  as  fiSz  is  increased 
for  the  assemblages  pyrrhotite-sphaler- 
ite  and  pyrite-sphalerite.  For  the  ranges 
of  ^o2  and  /<is2  over  which  the  assemblage 
quartz-hedenbergite-andradite  is  stable, 
see  Fig.  53. 

In  theory,  the  FeS  content  of  sphaler- 
ite coexisting  with  various  skarn  assem- 
blages in  different  parts  of  the  same 
deposit  could  be  used  to  map  gradients 
in  various  gas  fugacities  across  the  de- 
posit (even  including  the  fugacities  of 
H20  and  C02).  In  practice,  however, 
factors  such  as  failure  to  maintain  equi- 
librium during  cooling  might  make  this 
goal  difficult  to  achieve. 

Theory  of  the  Solubility  of  Minerals 
at  High  Water  Pressures 

H.  K.  Mao  and  P.  M.  Bell 

A  nonlinear  effect  on  aqueous  solubil- 
ity of  minerals  at  high  pressure  was 
discovered  experimentally  and  reported 
last  year  {Year  Book  70,  pp.  233-237). 
The  implications  of  this  effect  are  far- 
reaching  in  the  geological  study  of 
crustal  processes.  The  mechanism  of 
dissolving  minerals  and  rocks  at  a  zone 
of  high  stress  and  reprecipitating  them 
at  another  zone  of  lower  stress  could  be 
a  fundamental  part  of  structural  and 
geochemical  processes  at  any  area  of  the 
crust  where  fluids  persist.  Moreover,  the 
notion  can  be  easily  extended  to  condi- 
tions of  nonhydrostatic  stress,  to  situa- 
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tions  where  the  minerals,  but  not  the 
fluids  in  contact  with  them,  are  highly 
stressed,  or  to  parts  of  an  unequally 
stressed  single  crystal  immersed  in  fluid 
(see  Bell  and  Mao,  elsewhere  in  this  re- 
port, for  a  discussion  of  fluids  in  contact 
with  nonhydrostatically  stressed  solids). 
The  principles  may  also  be  employed 
commercially  for  solvent  extraction 
processes.  The  theory  proposed  is  suffi- 
ciently general  for  most  applications. 

The  idea  that  solids  become  more  solu- 
ble at  high  pressure  has  had  a  long  and 
confusing  history.  Gustav  Tamman  first 
noted  the  effect  experimentally  in  1890, 
and  Riecke  (1912)  attempted  to  explain 
it.  Some  of  the  first  solubility  experi- 
ments made  at  pressures  above  a  few  at- 
mospheres were  those  of  Adams  (1931) 
and  Gibson  (1938)  at  the  Geophysical 
Laboratory,  in  which  sodium  chloride 
and  various  organic  compounds  were 
studied.  More  recently  Dickson,  Blount, 
and  Tunell  (1963)  studied  gypsum  solu- 
bility, but  as  with  the  other  studies,  the 
maximum  pressures  attained  experi- 
mentally were  below  1  kb  and  the  solu- 
bility changes  observed  were  small.  The 
large  exponential  effect  observed  (Van 
Valkenburg,  Mao,  and  Bell,  Year  Book 
70,  p.  235)  would  have  been  discovered 
in  the  previous  studies  if  the  pressures 
had  been  higher  and  could  have  been 
predicted  theoretically. 

In  the  present  study  only  hydrostatic 
pressures  have  been  employed  and  non- 
hydrostatic  effects  are  excluded.  The 
nonlinear  effect  on  aqueous  solubility 
can  be  treated  as  a  general  thermody- 
namic property  subject  to  the  constraints 
given  in  the  following  discussion.  From 
thermodynamics,  a  differential  equation 
can  be  written  that  gives  the  pressure 
effect  on  solubility  exactly  at  constant 
temperature, 


dm/dP  = 


V  -V 


(dn/dm)P  (1) 

where  m  is  the  molality  of  the  solute 
(units   of   solubility),    V   is   the    molar 


volume  of  the  pure  solute,  V  is  the  par- 
tial molal  volume  of  the  solute  in  a 
saturated  solution,  and  n  is  the  chemical 
potential  of  the  solute  in  the  saturated 
solution.  The  pressure  effect  on  solu- 
bility (dm/dP)  can  be  judged  by  evalu- 
ating the  right-hand  side  of  equation  1. 
The  volume  difference  (V  —  V)  deter- 
mines the  sign  and  magnitude  of  the 
effect  because  the  denominator  ('dn/'dm) 
is  always  positive  and  contributes  in 
magnitude  alone.  This  raises  the  most 
important  constraint,  which  is  the  re- 
quirement that 

V-V>0.  (2) 

The  effect  will  occur  only  with  solutes 
whose  increased  concentration  decreases 
the  partial  molal  volume  of  the  solution, 
confining  the  set  of  solutes  to  those  that 
form  ionic  solutions. 

For  a  solution  of  an  electrolyte  (single 
salt)  that  dissociates  into  a  fixed  number 
(v)  of  charged  ions, 

v—  v+  +  v.,  (3) 

the  chemical  potential  can  be  written 

ix  —  no  =  RT  In  [yv(v+ra)v+(v_ra)v~] 

=  RT\n  [(v+r(v.)-(ym)v]   (4) 

where  R  is  the  gas  constant  and  yv  = 
(y+)v+(7-)v~  is  the  mean  activity  coeffi- 
cient. 

The  denominator  of  the  right-hand 
side  of  equation  1  can  be  written 


dm 


I  +  I  ar 

m       y  \  fini 


For  small  m, 
lim 


0  \3m 


vRT 

m 


(5) 


(6) 


according  to  the  Debye-Hiickel  theory. 
Equation  1  can  be  written  in  a  simpler 
form,  substituting  equation  6: 


dm 
~d~P 


AVm 
~yRT~ 


(7) 
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Assuming  that  V  —  V  =  AV  ^  constant 
in  the  range  of  small  m,  a  solution  for  the 
differential  equation  7  is 


m 

m0 


exp 


AVAP 
vRT 


(8) 


where  m0  is  the  solubility  at  Po,  and  m 
is  an  exponential  function  of  P.  Meas- 
ured values  of  lim  (ra  — »  0)  V  for  sul- 
fates, sulfides,  and  carbonates  are  small, 
occasionally  negative  (Owen  and  Brink- 
ley,  1941),  making  AV  large.  Gypsum 
has  large  AV,  lim  (m  -»  0)  AV  =  41.3 
cmVmole,  and  from  equation  8  it  can 
be  predicted  that  the  solubility  will  in- 
crease by  a  factor  of  10  every  3  kb 
(25°C).  This  is  very  close  to  the  values 
measured  in  this  study  (Year  Book  70, 
p.  235) . 

As  molality  increases,  the  pressure  ef- 
fect becomes  stronger.  When  m  is  not 
very  small, 


dy 

T   \d™/  p 

and  therefore 


<  0, 


dm 
~d~P 


> 


AVm 


for  AV  >  0. 


(9) 


From  equation  9  it  can  be  seen  that  m 
increases  faster  as  a  function  of  P  than 
the  exponential  increase  given  by  equa- 
tion 8.  However,  when  m  is  large,  AV 
diminishes,  and  the  increase  in  solubility 
decreases  rapidly.  The  S-shaped  curve 
measured  experimentally  for  gypsum 
[Year  Book  70)  is  therefore  predictable. 
This  analysis  shows  why  the  aqueous 
solubility  of  many  compounds  increases 
exponentially  with  pressure,  within  the 
constraints  on  volume  and  molality.  It 
should  be  pointed  out  that  geologists  had 
noted  the  occurrence  of  this  effect  in  field 
studies  (for  example,  Van  Hise,  1904,  p. 
603;  Harker,  1932).  The  present  results 
provide  quantitative  support  of  the  prin- 
ciple. 


LUNAR  PETROLOGY  AND  MINERALOGY 


Zoned  Pyroxenes  in  Lunar  Rock  15555 
F.  R.  Boyd 

One  of  the  samples  of  mare  basalt  col- 
lected near  the  rim  of  Hadley  rill  during 
the  Apollo  15  mission  contains  coarse 
pyroxene  crystals  with  patterns  of  com- 
positional zoning  that  are  similar  in 
many  respects  to  those  found  in  rock 
12021  from  Oceanus  Proceilarum  (Boyd 
and  Smith,  1971).  Study  of  the  growth 
sequences  that  these  and  other  lunar  py- 
roxenes exhibit  (e.g.,  Bence  and  Papike, 
1972)  has  revealed  a  number  of  con- 
sistent patterns.  These  patterns  are  not 
the  product  of  equilibrium  crystalliza- 
tion; instead  they  reflect  rapid  cooling 
in  exceptionally  fluid  lavas  on  the  moon's 
surface. 

Rock  15555  is  described  as  a  pyroxene 
porphyry  in  the  Lunar  Sample  Informa- 
tion   Catalog    (1971),    but    section    37, 


which  was  examined  in  this  study,  con- 
tains no  obvious  phenocrysts.  Pyroxene 
grains,  which  are  equant,  and  in  some 
cases  subhedral,  range  up  to  1  mm  in 
diameter.  Several  of  the  larger  grains  in 
section  37  have  c  subnormal  to  the  slide, 
and  these  show  pigeonite  cores  with 
sector-zoned  mantles  that  consist  pre- 
dominantly of  Ca-rich  pyroxenes.  The 
(100)  and  (010)  sectors  of  the  15555 
pyroxenes  are  more  fully  developed  rela- 
tive to  (110)  than  in  the  12021  pyrox- 
enes. Figure  58  shows  a  scan  consisting 
of  a  series  of  electron  probe  analyses 
made  at  intervals  along  a  line  extending 
from  the  center  of  a  pigeonite  core  across 
a  typical  wedge-shaped  (100)  sector  in 
the  mantle.  This  scan  is  virtually  iden- 
tical with  those  obtained  for  (100)  sec- 
tors in  pyroxenes  in  rock  12021  (c/.  Boyd 
and  Smith,  1971,  Fig.  2).  In  both  rocks 
the    growth    sequence    is    pigeonite    — » 
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Fig.  58.  Electron  probe  analyses  made  in  a  Bean  across  a  (100)  sector  of  a  pyroxene  crystal  in 
section  15555,37.  The  point  marked  x  is  for  a  small  pigeonite  inclusion  in  the  pigeonite  core  of  the 
crystal. 


Ti-  and  Al-rich  augite  -»  more  Fe-rich 
pigeonite  — »  more  Fe-rich  augite.  The 
compositional  change  from  pigeonite  to 
augite  tends  to  be  progressive  in  the 
(100)  sector,  although  there  is  a  sugges- 
tion of  a  break  in  this  scan  (Fig.  58) . 
Scans  across  the  (110)  and  (010)  sectors 
of  another  grain  (Figs.  59  and  60)  also 
show  zoning  patterns  similar  to  those  in 


the  pyroxenes  of  rock  12021,  except  that 
the  progressive  enrichment  in  FeSi03  is 
more  restricted. 

Random  analyses  of  pyroxenes  in 
15555,37  (Fig.  61)  show  the  composi- 
tional scatter  that  is  typical  of  lunar 
basalts  and  illustrate  the  fact  that  py- 
roxferroite  has  not  formed  in  this  lava. 
In  contrast  with  12021,  rock  15555  con- 
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Fig.  59.  Electron  probe  analyses  obtained  in  a  scan  across  a  (110)  sector  of  a  pyroxene  crystal 
in  section  15555,37. 
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Fig.  60.   Electron  probe  analyses  obtained  in  a  scan  across  a  (010)  sector  of  a  pyroxene  crystal 
in  section  15555,37. 


tains  the  more  stable  assemblage  ferro- 
augite  +  fayalite  +  cristobalite. 

The  patterns  of  Ti,  Al,  and  Cr  varia- 
tions (Fig.  62)  are  mainly  similar  to 
those  in  12021.  The  most  Fe-rich  py- 
roxenes show  negative  values  for  the 
relation  Al  —  (2Ti  -f-  Cr),  suggesting 
the  presence  of  Cr2+  or  Ti3+,  or  both. 

Scans  across  the  mantles  of  the  py- 
roxene  crystals   in  rock   12021    showed 


abrupt  fine-scale  oscillations  from  augite 
to  pigeonite  and  also  erratic  oscillations 
in  FeSi03  content.  These  features  are 
conspicuously  absent  in  the  scans  of 
pyroxene  crystals  in  15555.  Boyd  and 
Smith  (1971)  suggested  that  the  oscilla- 
tory zoning  in  the  12021  pyroxenes  might 
be  due  to  turbulent  mixing  in  a  rapidly 
flowing  lunar  lava,  although  a  kinetic 
explanation  is  also  possible  (e.g.,  Bence, 
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Fig.  61.   Electron  probe  analyses  for  points  selected  at  random  in  a  variety  of  pyroxene  crystals 
in  section  15555,37. 
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Fig.  62.   Variations  in  A],  Ti,  Cr,  and  Fe  in  a  scan  across  a  (100)  sector  of  a  pyroxene  crystal  in 
section  15555,37.   These  data  were  obtained  in  the  same  scan  as  those  illustrated  in  Fig.  58. 
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Papike,  and  Lindsley,  1971;  Kushiro 
et  al,  1971).  Possibly  these  composi- 
tional oscillations  have  not  developed  in 
the  15555  pyroxenes  because  they  crys- 
tallized under  more  quiescent  conditions. 

Oscillatory  and  Sector  Zoning  in 

AUGITE  FROM  A  VeSUVIAN  LAVA 
R.N.  Thompson 

Completion  of  the  computer  automa- 
tion of  the  electron  microprobe  (Finger 
and  Hadidiacos,  this  report)  has  facili- 
tated a  study  of  chemical  variation 
within  complexly  zoned  augite  pheno- 
crysts  in  a  Vesuvius  lava,  which  show 
features  reminiscent  of  lunar  pyroxenes 
(Bence,  Papike,  and  Lindsley,  1971 ; 
Boyd  and  Smith,  1971;  Hollister  et  al, 
1971;  Kushiro  et  al,  1971).  The  work 
was  undertaken  to  provide  further  data 
on  pyroxene  in  a  terrestrial  environment 
for  comparison  with  its  lunar  counter- 
part and  to  investigate  the  extent  to 
which  the  chemical  variation  within 
zoned  phenocryst  augite  may  be  used  to 
reconstruct  aspects  of  the  evolution  of 
the  rock  containing  it. 

The  major  phases  coexisting  with  the 
augite  are  bytownite,  leucite,  titanhema- 
tite,  magnesian  magnetite-magnesiofer- 
rite  ss,  hauyne,  apatite,  and  phonolitic 
interstitial  glass  (Thompson,  Lovenbury, 
and  Wadsworth,  1971).  The  augite 
phenocrysts  form  perfectly  euhedral 
stumpy  prisms  3  to  7  mm  in  length. 
These  abound  in  the  crystal  tuffs  as  well 
as  the  lavas  of  Vesuvius.  In  the  rock 
studied  the  crystals  show  the  forms 
{100},  {101},  {110},  {001},  and  {101}. 
In  thin  section  a  typical  crystal  consists 
of  three  zones:  (1)  A  colorless  core  with 
a  very  irregular  corroded  outline.  (2)  A 
wide  brownish-green  mantle  around  the 
core,  which  contains  numerous  narrow 
pale  and  dark  color  zones  resembling 
oscillatory  zoning  in  a  plagioclase.  (3)  A 
thin  discontinuous  lemon-yellow  outer 
rim,  which  compares  with  the  ground- 
mass  pyroxene. 


The  oscillatory  zones  delineate  euhe- 
dral crystal  outlines  in  the  phenocryst 
mantles.  Most  zones  are  alternating 
sharply  bounded  paler  and  darker  py- 
roxene in  units  10  to  60  ^m  wide.  Some 
show  the  following  pattern  in  outward 
traverses:  sharp  break  to  paler  color- 
gradation  to  darker  color-sharp  break 
to  paler  color.  Minor  color  oscillations 
about  2  /tm  wide  are  superimposed  on  the 
major  zones.  The  lemon-yellow  pheno- 
cryst outer  rim  and  groundmass  pyrox- 
ene show  chemical  variation  that  is 
distinct  from  that  of  the  euhedral  pheno- 
crysts. 

The  colorless  phenocryst  cores  are 
neither  significantly  radially  zoned  nor 
sector  zoned.  In  contrast,  sector  zoning 
is  well  developed  in  the  green  phenocryst 
mantles  and  is  superimposed  on  the  os- 
cillatory zoning.  Microprobe  traverses, 
with  ten  element  determinations  for  each 
point  (3ju,m  diameter) ,  were  made  in 
15-  or  30-,u.m  steps  in  the  sector  zones 
(100),  (010),  (110),  (001),  and  (101) 
(in  the  terminology  of  Hollister,  1970) 
in  two  phenocryst  sections;  one  perpen- 
dicular to  the  prism  faces,  the  other  per- 
pendicular to  {010}.  The  latter  shows 
"hourglass  zoning."  The  core-mantle 
boundary  and  those  oscillatory  zone 
boundaries  that  are  optically  sharp  re- 
flect chemical  discontinuities  that  are 
nongradational  at  the  limit  of  resolution 
of  the  microprobe.  The  dark  green  man- 
tle zones  are  enriched  in  Al,  Ti,  and  other 
elements  (see  below)  relative  to  the 
paler  zones  and  the  core. 

The  chemical  range  found  in  these 
phenocrysts  is  summarized  in  Table  36. 
It  is  emphasized  that  all  gradations  be- 
tween the  limiting  compositions  given  in 
the  table  are  found  within  individual 
phenocrysts.  Figures  63  to  66  show  that, 
despite  the  separate  core  and  mantle  and 
the  sector  and  oscillatory  zoning  within 
the  latter,  all  the  chemical  data  may  be 
considered  together  for  the  purpose  of 
determining  the  nature  of  the  substitu- 
tions in  the  phenocrysts. 
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Fig.  63.   Al/Si  relationship  in  Vesuvius  clinopyroxene  phenocrysts.  Short  lines  attached  to  some 
of  the  points  indicate  where  these  plot  when  normalized  to  2  cations  =  4. 


One  of  the  most  notable  features  of 
these  augite  analyses  (Table  36)  is  their 
wide  range  of  AI2O3  contents,  extending 
from  1.0  to  9.5  wt  %  within  individual 
phenocrysts.  The  ability  of  Al  to  enter 
both  tetrahedral  and  octahedral  sites  in 
the  pyroxene  structure  and  to  take  part 
in  several  coupled  substitutions  involv- 
ing Na,  Ti,  and  Fe3+  (Kushiro,  1962) 
make  the  variation  of  this  element  and 


its  correlation  with  others  a  central  fea- 
ture in  the  interpretation  of  the  chemis- 
try of  the  Vesuvius  augite.  The  relations 
between  Al  and  Si,  Ti  and  Fe  are  shown 
on  Figs.  63  to  65.  Al  correlates  positively 
with  Fe,  Ti,  Na,  and  Mn  and  negatively 
with  Si,  Mg,  and  Ca.  Ca  variation  is 
very  slight  in  this  strongly  alkalic  en- 
vironment. Cr  behavior  is  complex  but 
has  been   ignored  because  the  Cr  con- 
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Fig.  64.   Al/Ti  relationship  in  Vesuvius  clinopyroxene  phenocrysts.   Normalization  of  the  data 
to  2  cations  =  4  moves  the  points  less  than  their  present  sizes  on  the  diagram. 
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Fig.  65.   Al/Fe  relationship  in  Vesuvius  clinopyroxene  phenocrysts.  Short  lines  attached  to  some 
of  the  points  indicate  where  these  plot  when  normalized  to  2  cations  =  4. 


tents  of  most  of  the  analyses  are  negli- 
gible. 

Perhaps  the  greatest  problem  en- 
countered when  attempting  to  interpret 
these  data  is  the  evaluation  of  the  role 
of  ferric  iron  in  this  pyroxene.  Previous 
analyses  of  Vesuvius  augite  by  wet- 
chemical  methods  (Deer,  Howie,  and 
Zussman,  1963)  indicate  that  they  con- 
tain substantial  amounts  of  Fe3+,  aver- 
aging 6.7%  in  11.2%  total  iron  (FeO  + 
Fe203)  content.  The  fine-scale  oscilla- 
tory zoning  within  the  phenocrysts 
prevents  the  determination  of  the  Fe2+/ 
Fe3+  ratio  by  even  such  microscale 
methods  as  Mossbauer  spectroscopy 
(Hafner  and  Huckenholz,  1971),  except 
as  an  average  figure  across  many  zones. 
In  this  study  complete  microprobe 
analyses  are  available  for  each  spot.  The 
Fe3+  contents  have  therefore  been  esti- 
mated from  charge-balance  considera- 
tions, after  assuming  the  pyroxene  to  be 
stoichiometric. 

If  some  of  the  Fe  in  a  pyroxene  is  Fe3+, 
but  is  calculated  in  the  normalization  as 
Fe2+,  the  cation  sum  associated  with  6 
oxygens  in  the  formula  will  exceed  4  be- 


cause the  amount  of  oxygen  associated 
with  the  iron  has  been  underestimated. 
If  all  the  Fe  is  calculated  as  Fe2+,  Fig.  66 
shows  that  these  augite  analyses  deviate 
progressively  from  stoichiometry  as  their 
Al  contents  rise.  The  scatter  of  points 
on  this  diagram  is  considerable.  This  is 
to  be  expected,  however,  as  the  cation 
sums  accumulate  all  the  errors  in  the 
analyses  (Finger,  this  report).  If  the 
other  major  elements  in  the  analyses  are 
assumed  to  have  their  normal  valencies, 
the  data  on  Fig.  66  may  be  interpreted 
as  indicating  a  positive  correlation  be- 
tween Al  and  Fe3+.  The  diagram  also 
shows  that  if  Al  is  extrapolated  to  zero, 
the  associated  cation  sum  is  approxi- 
mately 4.00  (±0.02).  It  thus  appears 
that  essentially  all  of  the  Fe  correlated 
positively  with  Al  in  this  Vesuvius  augite 
is  trivalent. 

The  inevitably  low  accuracy  of  the 
Fe3+  estimations  at  each  analyzed  spot 
and  the  lack  of  data  on  the  distribution 
of  this  cation  between  tetrahedral  and 
octahedral  structural  sites  greatly  ham- 
per discussion  of  the  probable  substitu- 
tions in  this  augite.  It  seems  reasonable 
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Fig.  66.   Al/S  cations  relationship  in  Vesuvius  clinopyroxene  phenocrysts.   All  Fe  calculated  as 
FeO. 


to  assume  that  some  of  the  Fe3+  is  in  the 
tetrahedral  sites,  because  Mossbauer 
spectra  of  pyroxenes  very  similar  to  the 
Vesuvius  augite  show  this  feature  (Bell, 
Mao,  and  Virgo,  this  report).  In  this 
case  the  following  experimentally  dem- 
onstrated coupled  substitutions  may  be 
expected  to  encompass  much  of  the 
chemical  variation  found  in  this  py- 
roxene : 

1.  Ti2Al  for  Mg2Si,  leading  toward 
the  theoretical  end  member  R2+TiAl206 
(Yagi  and  Onuma,  1967). 

2.  2A1  for  MgSi,  leading  to  R2+AlAlSi06 
(Clark,  Schairer,  and  deNeufville,  Year 
Book  61,  pp.  59-68) . 

3.  2Fe3+  for  MgSi,  leading  toward 
R2+FeFeSi06  (Huckenholz,  Schairer,  and 
Yoder,  1969). 

4.  NaFe3+  for  CaMg,  leading  to 
NaFeSi206  (Nolan  and  Edgar,  1963) . 

5.  NaAl  for  CaMg,  leading  toward 
NaAlSi206  (Bell  and  Davis,  Year  Book 
64,  pp.  120-123). 

In  the  Vesuvius  augite  R2+  is  mostly  Ca 
(Table  36),  with  minor  Mg  and  Na.  The 
amount  of  Fe2+  substitution  for  Mg  in 
this  pyroxene  is  small,  reflecting  the  un- 


usually oxidizing  environment  in  which 
it  occurs;  the  groundmass  of  the  rock 
contains  magnesioferrite  and  titanohema- 
tite.  For  this  reason  no  attempt  has 
been  made  to  plot  the  analysis  in  the 
pyroxene  quadrilateral. 

The  remaining  important  coupled  sub- 
stitution in  this  augite  is  Fe3+Al  (Fig.  66) 
for  MgSi,  leading  toward  R2+FeAlSi06. 
The  amount  of  this  substitution  cannot 
be  calculated  precisely,  because  only  an 
arbitrary  norm-like  procedure,  such  as 
the  one  devised  by  Kushiro  (1962),  can 
be  used  to  allocate  the  Na  in  the  Ml 
site,  Al  and  Fe3+  in  M2  and,  tetrahedral 
Al  and  Fe3+  among  the  various  "mole- 
cules" listed  above.  However,  some 
R2+AlAlSi06  substitution  is  certain  in 
Al-rich  compositions  (Table  36) ,  where 
Al  >  2Ti  +  Cr  +  Fe  +  Na.  Such  com- 
positions occur  in  oscillatory  zones  within 
all  the  sectors. 

The  close  correlations  between  ele- 
ments shown  in  Figs.  63  to  65  and  other 
diagrams  suggest  that  it  would  be  a 
better  description  of  the  observed  chem- 
ical variation  in  these  phenocrysts  to 
consider  a  single  complex  coupled  sub- 
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Traverses  run  to  outer 
margin  of  green  montle 


200  400  600  800  1000  1200  1400 

Distance,     j/.m 

Fig.  67.    AI2O3  in  microprobe  traverses  perpendicular  to  crystal  faces  in  various  sectors  within 
Vesuvius  clinopyroxene  phenocrysts. 


stitution  of  Al,  Fe,  Ti,  Na,  and  Mn  for 
Si,  Ca,  and  Mg,  rather  than  a  group  of 
sub-substitutions  of  conventional  "mole- 
cules." It  would  be  very  difficult  to  put 
figures  to  such  a  substitution,  however, 
because  not  all  of  the  interelement  ratios 
within  it  are  constant  (Table  36) .  There- 
fore, the  conventional  "molecule"  de- 
scriptive approach  is  preferred  at  pres- 
ent but  with  the  recognition  that  this 
does  not  fully  account  for  the  observed 
interelement  correlations. 

The  sector  zoning  of  the  phenocrysts 
is  illustrated  on  Fig.  67.  The  reason  for 
choosing  A1203  for  this  diagram  will  be 
apparent  from  the  preceding  discussion. 
The  extreme  variation  of  Al  (and  other 
elements)  within  and  between  the  sector 
zones  of  the  Vesuvius  pyroxene  is  a  pat- 
tern very  reminiscent  of  the  Apollo  12 


pyroxenes  (e.g.,  Boyd  and  Smith,  1971). 
The  most  prominent  Al-poor  valley  in 
each  A1203  traverse  on  Fig.  67  is  a  major 
pale  zone  that  acts  as  a  "marker  horizon" 
throughout  the  augite  phenocryst  popu- 
lation of  the  lava.  Use  of  this  "marker 
horizon"  shows  that  there  are  consider- 
able differences  in  chemical  stratigraphy 
of  the  (100)  sector  in  the  two  crystals 
studied  (c/.  Bence,  Papike,  and  Lindsley, 
1971).  Table  37  lists  the  maximum  and 
minimum  values  of  A1203  measured  in 
each  sector.  Using  the  maximum  figures, 
the  order  of  relative  enrichment  of  Al 
(plus  Ti,  Fe3+,  Na,  and  Mn)  in  the  sector 
zones  is  (100)  >  (010)  =  (101)  > 
(110)  >  (001).  Estimated  "average" 
A1203  figures  for  the  more  Al-rich  parts 
of  each  traverse  give  the  same  sector 
order.    In  contrast,  the  minimum  A1203 


TABLE  37.  AI2O3  in  Sector  Zones  of  Vesuvius  Augite  Phenocrysts,  in  wt  % 


Crystal  1 

Crystal  2 

Sector 

Maximum 

Minimum 

Sector 

Maximum 

Minimum 

(100) 
(010) 
(110) 

9.52 
8.70 
7.70 

6.80 
6.17 
3.70 

(100) 
(001) 
(101) 

9.50 

7.41 
8.62 

4.47 
2.13 
3.69 
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figures  in  Table  37  suggest  an  entirely 
different  sector-enrichment  order,  which 
is  not  consistent  between  the  two  crys- 
tals studied.  As  the  oscillations  within 
each  zone  clearly  show  greater  chemical 
variation  than  that  distinguishing  the 
different  sectors,  this  appears  to  be  an 
example  of  pyroxene  for  which  the  writ- 
ing of  an  order  of  relative  enrichment  of 
elements  in  various  sectors,  let  alone  the 
calculation  of  these  enrichments  into 
percentages  of  hypothetical  components 
(Hollister  and  Gancarz,  1971),  is  a 
pointless  exercise. 

The  chemical  variations  described 
above  may  be  used  to  reconstruct  a 
probable  crystallization  history  of  the 
augite  phenocrysts.  Presumably  the  un- 
zoned  diopside  cores  formed  slowly  in 
equilibrium  conditions  at  depth,  relative 
to  their  mantles.  They  contain  little  or 
perhaps  even  none  of  an  R2+AlAlSi06 
component  (Table  36,  Fig.  63).  The 
amount  calculated  would  depend  on  the 
Fe3+  content  of  the  pyroxene.  Approxi- 
mately half  of  the  total  Fe  would  be 
required  to  be  octahedrally  coordinated 
Fe3+  to  accommodate  all  the  Al  in 
R2+Fe3+AlSi06.  The  strong  resorption  of 
the  diopside  cores  suggests  that  the 
magma  moved  upward  abruptly  at  the 
first  stage  of  its  progression  to  the  sur- 
face, causing  the  temperature  to  rise 
temporarily  above  the  diopside  liquidus 
at  low  pressure  for  that  composition. 
Further  augite  precipitation  on  the 
nucleii  provided  by  the  resorbed  pheno- 
cryst  cores  took  place  during  rapid  cool- 
ing at  a  high  crustal  level. 

It  is  clear  from  the  outlines  of  the 
oscillations  that  the  phenocrysts  were 
strictly  euhedral  during  the  growth  of 
their  sector-zoned  mantles.  This  conclu- 
sion contrasts  with  the  proposal  of 
Strong  (1969),  that  "hourglass"  zoning 
of  augite  is  formed  by  the  later  infilling 
of  pyramidal  hollows  formed  in  the  ends 
of  rapidly  growing  prismatic  crystals. 
The  number  of  oscillatory  zones  in  each 
phenocryst  is  large.  One  1.6-mm  tra- 
verse   between    the    diopside    core    and 


lemon-yellow  rim  crossed  44  major  oscil- 
latory zones  in  the  green  mantle,  each 
containing  five  to  ten  minor  oscillations. 
It  seems  improbable  to  suppose  that  so 
many  oscillations  could  be  caused  by 
some  phase  chemical  control,  such  as  the 
intermittent  crystallization  of  another 
phase  in  the  magma.  Rather,  this  zoning 
seems  to  fit  plausibly  in  a  general  way 
to  a  disequilibrium  crystallization  model, 
where  the  nature  of  the  material  attach- 
ing to  a  rapidly  growing  crystal  face  is 
controlled  by  the  varying  diffusion  rates 
in  the  melt  (Bottinga,  Kudo,  and  Weill, 
1966) .  The  sector  zoning  further  compli- 
cates any  crystallization  model,  stressing 
the  rapid  disequilibrium  crystal  growth 
(Hollister  and  Gancarz,  1971)  and  show- 
ing that,  whatever  cation  concentrations 
accumulate  adjacent  to  a  growing  crystal 
face  as  a  result  of  supply  and  demand 
imbalances,  the  nature  of  the  material 
that  finally  attaches  to  the  surface  is 
strongly  influenced  by  the  crystallogra- 
phic  orientation. 

A  point  to  emphasize  about  the  Ve- 
suvius augite  phenocrysts  is  that  it  can 
be  established  beyond  all  reasonable 
doubt  that  the  remarkable  oscillatory 
and  sector  zoning  within  them  formed 
before  the  magmas  containing  them  were 
erupted.  As  Washington  and  Merwin 
(1921)  noted,  the  fully  grown  euhedral 
phenocrysts  without  their  lemon-yellow 
rims  are  abundantly  erupted  in  crystal 
tuff  showers.  Within  the  lava  discussed 
here,  the  eruption  point  is  most  clearly 
marked  by  a  dramatic  compositional 
break  between  the  outer  fringes  of  the 
green  augite  phenocryst  mantles  and  the 
discontinuous  rims  of  lemon-yellow  py- 
roxene surrounding  them  and  filling  the 
groundmass  of  the  rock. 

When  the  suggestion  is  made  that  the 
oscillatory  and  sector  zoning  in  the  Ve- 
suvius augite  may  be  compared  with 
similar  features  in  the  lunar  pyroxenes, 
it  is  important  to  take  into  account  the 
great  differences  in  their  environments. 
Thus,  the  extreme  normal  zoning  (Fe2+ 
for   Mg)    that    characterizes   the    lunar 
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pyroxenes  is  a  minor  feature  of  the 
Vesuvius  augite,  which  is  contained  in  a 
lava  with  an  Fe203/Fe0  ratio  of  160. 
Similarly,  the  remarkable  oscillatory 
zoning  of  Ca  in  the  lunar  pyroxenes  is 
absent  in  the  Vesuvius  augite  (Table  36) , 
in  which  Ca  always  comes  close  to  filling 
the  M2  structural  site.  This  difference 
reflects  the  bulk  chemistry  of  the  host 
rocks;  the  lunar  lavas  are  tholeiitic 
and  the  Vesuvius  leucite  tephrites  are 
strongly  alkalic. 

The  major  similarities  between  the 
Vesuvius  and  lunar  pyroxenes  are  that 
they  both  have  almost  unzoned  cores 
(diopside  in  the  former  and  pigeonite  in 
the  latter)  and  that  the  mantles  sur- 
rounding these  cores  show  spectacular 
oscillatory  and  sector  zoning.  The  Ve- 
suvius diopside  cores  are  strongly  re- 
sorbed  at  their  margins,  whereas  the 
lunar  pigeonite  cores  do  not  show  this 
feature  (Bence,  Papike,  and  Lindsley, 
1971). 

There  is  clear  evidence  for  both  oscil- 
latory and  sector  zoning  of  the  com- 
ponent R2+AlAlSi06  in  the  Vesuvius 
augite,  although  this  feature  cannot  be 
expressed  in  an  accurate  quantitative 
form  for  reasons  detailed  above.  Hol- 
lister  and  Gancarz  (1971)  reported  sec- 
tor zoning  of  this  component  in  augite 
from  another  Italian  alkalic  lava.  Bence, 
Papike,  and  Lindsley  (1971)  noted  oscil- 
latory zoning  of  octahedral  Al  in  lunar 
pyroxenes.  Clark,  Schairer,  and  deNeuf- 
ville  (Year  Book  61,  p.  65)  found  a 
marked  tendency  for  the  component 
CaAlAlSi06  to  crystallize  metastably  at 
1  atm  in  the  system  diopside-anorthite- 
silica.  It  therefore  seems  reasonable  to 
suspect  that  the  R2+AlAlSi06  incor- 
porated into  all  these  rapidly  grown 
oscillatory  and  sector  zoned  terrestrial 
and  lunar  pyroxenes  has  crystallized 
metastably  and  reveals  nothing  about 
the  depths  at  which  the  pyroxenes  were 
formed. 

If  it  is  accepted  that  the  composi- 
tional zoning  of  the  Vesuvius  augite  does 
indeed  provide  a  terrestrial  analogue  to 


the  zoning  of  lunar  pyroxene,  then  it  is 
apparent  that  many  of  the  enigmatic 
features  of  the  lunar  pyroxenes  may  be 
clarified  considerably  by  further  study 
of  their  terrestrial  counterparts. 

Zoned  Olivine  Crystals  in  an 
Apollo  15  Lunar  Rock 

P.  M.  Bell  and  H.  K.  Mao 

Chemical  zoning  of  olivine  crystals  in 
lunar  rocks  contains  a  record  of  the 
crystallization  history.  The  olivines  in 
Apollo  15  rock  15555  appear  to  have 
crystallized  at  near-liquidus  tempera- 
tures and  are  among  the  most  iron-rich 
reported  to  have  formed  as  phenocrysts. 
The  present  analyses  by  electron  micro- 
probe  were  made  to  test  interpretations 
that  many  lunar  rocks  have  crystallized 
in  more  than  one  stage  (Bell  and  Mao, 
1972).  Apollo  15  basalt  15555  contains 
at  least  two  types  of  olivine  phenocryst 
and  therefore  may  be  an  example  of  a 
rock  that  crystallized  in  two  or  more 
stages.  Other  phases  in  the  basalt  are 
clinopyroxene,  plagioclase,  and  opaques 
(Boyd,  this  report;  Haggerty,  this  re- 
port) . 

Olivine  Phenocrysts 

Abundant  olivine  phenocrysts  form 
two  groups  in  rock  15555.  Grains  with 
rounded  edges  and  lengths  of  the  order 
of  0.5—1.5  mm  form  one  group,  and 
smaller  (0.1-10  /xm),  well-terminated, 
euhedral  grains  form  the  second  group. 
In  the  section  under  study,  several  of 
the  larger  crystals  are  complexly  zoned 
in  a  reverse  manner,  which  appears  to 
be  unique  among  lunar  olivines  and 
olivines  in  general.  Relatively  Fe-rich 
cores,  Fo40Fa6o  (mole  %),  of  these  ab- 
normal phenocrysts  grade  continuously 
into  Mg-rich  margins,  Fo6oFa40  (mole 
%).  Other  large  crystals  are  uniform 
in  composition,  possibly  because  the  sec- 
tion is  through  a  growth  surface. 

Euhedral  olivines  are  composed  of 
40-50  mole  %  Fe2Si04  and  are  not 
strongly  zoned  in  any  orientation.    The 
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TABLE  38.  Electron  Microprobe  Analyses  of  Typical  Olivines*  from  Apollo  Rock  15555, 

average  wt  % 


FeO            MgO 

Si02 

CaO 

Cr203 

MnO 

A1203 

Ti02 

a 

strongly  zoned 

33.32 

0.40 

0.16 

0.44 

0.05 

0.09 

b 

32.79           30.70 

35.38 

0.32 

0.23 

0.37 

0.05 

0.05 

c 

40.84           23.46 

35.23 

0.96 

0.20 

0.52 

0.12 

0.08 

d 

38.97           25.27 

34.79 

0.44 

0.22 

0.50 

0.09 

0.03 

e 

34.43           28.26 

34.57 

0.35 

0.25 

0.41 

0.02 

0.05 

*  (a)  Reversely  zoned  crystal  shown  in  Fig.  68.  The  zoning  of  FeO  and  MgO  is  too  great  for 
averaging  .  (b)  Another  reversely  zoned  olivine.  The  zoning  was  not  so  great  as  in  (a),  (c-e) : 
three  typical  euhedral  olivines. 


crystals  are  conspicuously  dispersed 
throughout  the  section.  These  olivines 
typically  occur  as  inclusions  in  much 
larger  grains  of  plagioclase. 

Conceivably,  both  groups  of  olivine 
could  be  primary  liquidus  phases.  It  is 
also  possible  that  the  rock  has  been  re- 
melted  or  that  partially  crystallized 
grains  were  inherited  from  an  earlier 
stage  of  the  rock-forming  process.  The 
Fe-rich  cores  of  large  grains  might  have 
formed  late  in  the  liquid  centers  of 
skeletal  frames. 

The  chemical  data  can  be  summarized 
and  interpreted  as  follows:  (a)  Outer 
rims  of  the  abnormally  zoned  olivines 
are  40-50  mole  %  Fe2Si04  in  composi- 
tion and  could  have  been  in  equilibrium 
with  the  smaller  euhedral  crystals, 
(b)  Euhedral  olivine  crystals  formed 
contemporaneously  with,  or  before,  pla- 
gioclase. (c)  The  range  of  olivine  pheno- 
cryst  compositions  (Fo6oFa4o-Fo4oFa6o) 
is  among  the  most  Fe  rich  ever  reported 
for  a  basalt,  reflecting  a  remarkably  high 
Fe/Mg  for  the  rock  as  a  whole. 

Reverse  Zoning 

The  fact  that  chemically  reversed  zon- 
ing occurs  in  several  of  the  larger  grains 
seems  to  preclude,  although  not  elimi- 
nate, explanations  based  on  fortuitous 
growth  and  sectioning  of  these  aberrant 
crystals.  One  of  the  larger  (1  mm  length 
X  0.4  mm  maximum  width)  reversely 
zoned  crystals  was  analyzed  in  detail  by 
electron  microprobe.  Data  averages  are 
given  in  Table  38.   Fifty  points  on  this 


crystal  were  analyzed  for  the  eight  ele- 
ments Fe,  Mg,  Si,  Ca,  Cr,  Mn,  Al,  and 
Ti,  and  contours  of  Fe/Mg  were  con- 
structed. 

A  central  core  (Fig.  68) ,  dimensionally 
0.15  X  0.15  mm  in  section,  averages 
Fo4oFa60  in  composition,  with  deviations 
of  less  than  1  mole  %  Fe2Si04.  Toward 
the  margins  of  this  elongate  grain,  steep 
compositional  gradients  of  approxi- 
mately 15  mole  %  Fe2Si04  occur  in  less 
than  0.1  mm.  Lengthwise,  the  gradients 
are  smaller,  averaging  2-4  mole  % 
Fe2Si04  in  0.1  mm.  The  gradients  ap- 
pear to  be  continuous. 

The  olivine  binary  system  is  like  the 
plagioclase  feldspar  melting  loop,  and 
the  zoning  could  have  resulted  from  a 
process  of  fast  quench  and  readjustment 
in  composition  along  the  solidus  after 
a  rise  in  temperature  from  release  of 
the   enthalpy    (heat)    of   crystallization. 


Fig.  68.  Compositional  contours  of  fayalite  on 
a  reversely  zoned  olivine  in  section  of  Apollo 
15  rock  15555.  Chemical  analysis  was  by  elec- 
tron microprobe ;  contour  interval,  2  mole  % 
forsterite. 
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Bowen  (1913),  who  considered  this  a 
possible  mechanism  to  explain  reverse 
zoning  in  plagioclase,  also  considered  the 
effects  of  changing  liquid  compositions. 
However,  many  other  conceivable 
paths  in  the  crystallization  history  could 
have  caused  the  zoning  to  be  reversed. 
For  example,  if  adiabatic  decompression 
occurred  during  passage  of  the  lava  to 
the  surface,  it  would  not  be  possible  to 
determine  the  magnitude  of  the  pressure 
release  unless  the  combined  enthalpy  and 
entropy  changes  during  the  process  were 
known.  Whatever  the  cause  of  their  re- 
verse zoning,  these  crystals  attest  to  a 
compositional  trend  dominated  by  high 
values  of  Fe/Mg. 

Euhedral  Olivines 

Outlines  of  these  crystals  in  section 
show  prism  and  domal  traces,  exhibiting 
well-developed  terminations.  Mean  com- 
positions determined  by  electron  micro- 
probe  are  listed  in  Table  38.  Zoning  is 
usually  very  slight  or  not  detectable  by 
electron  microprobe.  In  most  of  the 
crystals  the  composition  changes  by  no 
more  than  1  mole  %  Fe2Si04  from  mar- 
gin to  interior.  A  number  of  crystals  fall 
in  narrow  ranges  close  to  the  mean 
compositions  Fo5iFa49,  Fo54Fa46,  and 
Fo60Fa40,  and  in  crystals  in  which  slight 
zoning  was  observed,  the  margins  were 
more  Fe-rich  than  the  interiors. 

Because  of  the  distinct  crystal  form 
and  chemical  composition,  the  euhedral 
olivines  appear  to  have  crystallized 
apart  from  the  larger,  irregular  olivines, 
probably  on  or  near  the  liquidus  (Year 
Book  69).  All  the  evidence  implies  at 
least  two  stages  of  crystallization  for 
this  rock — one  for  the  large  reversely 
zoned  olivines  and  the  other  for  the 
smaller  euhedral  olivines. 

Melting  Experiment  on  Apollo  14 
High-Alumina  Basalt 

/.  Kushiro 

High-pressure  melting  experiments  on 
an  Apollo  14  high-alumina  basalt  suggest 


that  this  lunar  highland  basalt  was 
formed  by  partial  or  complete  melting 
of  a  plagioclase-cumulate  rock  that  con- 
stituted the  lunar  highland  crust.  Alter- 
natively, if  significant  amounts  of  al- 
kalies were  lost  during  the  eruption,  the 
original  magma  of  this  high-alumina 
basalt  could  have  been  formed  from  a 
lunar  "mantle"  consisting  of  peridotite. 

One  of  the  two  crystalline  igneous 
rocks  collected  at  Fra  Mauro  by  the 
Apollo  14  mission  (specimen  No.  14310) 
is  rich  in  plagioclase  (<  60  volume  %) 
and  alumina  (21.7  wt  %)  and  may  be 
related  in  origin  to  other  plagioclase- 
rich  rocks  in  the  lunar  highlands.  To 
determine  the  origin  of  these  plagioclase- 
rich  rocks,  high-pressure  melting  experi- 
ments have  been  carried  out  on  high- 
alumina  basalt  14310  at  pressures 
between  5  and  25  kb,  in  solid-media 
piston-cylinder  apparatus.  Synthetic 
glass  of  this  rock  composition  made 
from  oxides  was  also  used  as  a  starting 
material.  Graphite  capsules  were  used 
for  all  the  runs,  and  the  piston-out  tech- 
nique (Richardson,  Bell,  and  Gilbert, 
Year  Book  66,  pp.  392-397)  without 
pressure  correction  for  internal  friction 
was  applied.  The  oxygen  fugacity  in 
these  runs  was  in  the  range  of  wiistite 
stability.  The  results  are  summarized  in 
Fig.  69. 

Calcic  plagioclase  (■ —  An90)  is  on  the 
liquidus  up  to  about  10  kb,  spinel  be- 
tween about  10  and  20  kb,  and  pyrope- 
rich  garnet  (> — 'CaoiMg58Fe2i)  above 
about  20  kb.  Spinel,  which  crystallizes 
over  a  wide  P-T  range,  is  almost  color- 
less to  pale  brown  near  the  liquidus, 
becoming  brown  to  dark  brown  with  low- 
ering temperature  to  near  the  solidus  and 
dark  brown  to  almost  opaque  below  the 
solidus.  It  is  evident  that  its  composi- 
tion changes  with  temperature.  Spinel 
crystallized  at  10  kb  and  1275°C  con- 
tains about  20.0  wt  %  Cr203,  48.5% 
A1203,  17.5%  MgO,  13.5%  FeO  and 
0.4%  TiOo,  on  the  basis  of  microprobe 
analysis.    Spinel  would  crystallize  in  a 
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narrower  P-T  range  under  lower  oxygen 
fugacity  (in  the  stability  range  of  metal- 
lie  iron),  as  shown  by  other  investigators 
(Ford  et  al,  1972;  Walker,  Longhi,  and 
Hays,  1972). 

Orthopyroxene  crystallized  at  10  kb 
and  1250°C  has  the  composition 
Ca5.iMg78.5Fe16.4  with  5.7  to  7.7  wt  % 
A1203,  and  0.82  wt  %  Cr203,  and  that 
crystallized  at  5  kb  and  12C*°C  contains 
4.3  wt  %  A1203.  Clinopyroxene  crystal- 
lized at  20  kb  and  1325  °C  has  the  com- 
position Ca4o.5Mg47.1Fe12.4  with  about 
11%  A1203. 

The  results  of  the  experiments  indicate 
that  the  14310  composition  is  within  one 
of  the  volumes  of  the  alumina-rich 
phases  plagioclase,  spinel,  and  garnet, 
and  the  rock  does  not  show  a  cotectic 
nature,  at  least  up  to  25  kb  (. — '  700  km) . 
Because  this  fine-grained  basalt  is  not  a 
plagioclase-cumulate  rock,  it  cannot  be 
a  product  of  direct  partial  melting  of  the 
lunar  "mantle"  materials,  which  are  not 
believed  to  be  rich  in  the  Al-rich  phases, 
nor  is  it  a  product  of  fractional  crystal- 


lization of  magma  that  was  formed  by 
direct  partial  melting  of  the  lunar  "man- 
tle." Therefore,  a  two-stage  model  must 
be  considered  for  the  origin  of  this  rock. 
One  possibility  is  that  the  magma  of  this 
rock  was  formed  by  bulk  melting  or 
partial  melting  of  a  plagioclase-cumulate 
rock,  which  had  been  formed  in  an 
earlier  stage  by  a  large-scale  differentia- 
tion of  magma  in  the  shallow  parts  of 
the  lunar  interior  and  constituted  a  part 
of  the  lunar  highland.  The  feldspathic 
basalts,  which  Reid  et  al.  (1972)  have 
suggested  are  lunar  highland  materials, 
are  more  alumina  rich  than  rock  14310, 
and  the  same  argument  is  applied  for 
their  origin. 

Brown  and  Peckett  (1971)  have  sug- 
gested, however,  significant  loss  (. — '  70 
wt  %)  of  alkalies  before  the  solidifica- 
tion of  rock  14310.  If  this  is  so,  the 
discussion  on  the  origin  of  rock  14310 
may  be  subject  to  change.  To  examine 
this  possibility,  melting  experiments 
have  been  carried  out  on  rock  14310  and 
its  synthetic  glass  with  the  addition  of 
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Fig.  69.  Pressure-temperature  diagram  for  lunar  high-alumina  basalt  14310,139.  Runs  made  with 
synthetic  glass  of  this  rock  composition  are  shown  by  asterisks.  Other  runs  were  made  with  the 
homogenized  fines  of  the  natural  lunar  high-alumina  basalt.  The  phase  after  the  plus-or-minus 
sign  is  not  observed  in  some  of  the  runs. 


474 


CARNEGIE     INSTITUTION 


2.5  wt  %  Na20  and  about  0.5%  K20. 
The  major  changes  due  to  the  addition  of 
alkalies  are  a  drastic  drop  of  the  plagio- 
clase  liquidus  (70°-90°  between  2.5  and 
10  kb)  and  crystallization  of  olivine  to 
higher  pressures  (at  least  up  to  5  kb). 
At  about  3.5  kb  the  liquidus  temperature 
is  slightly  above  1220°C  and  the  four 
phases  olivine,  spinel,  plagioclase,  and 
pyroxene  appear  within  a  20°  interval, 
indicating  that  the  alkali-enriched  14310 
composition  is  very  close  to  the  boun- 
dary of  the  volumes  of  these  four  phases. 
This  evidence  suggests  that  the  liquid  of 
this  alkali-enriched  composition  could  be 
formed  by  direct  partial  melting  of  a 
plagioclase  and  spinel-bearing  peridotite 
at  about  3  kb  {> — -  100  km)  or  by  frac- 
tional crystallization  of  a  more  mafic 
magma. 


Mg2Ti04 


The  MgO/FeO  ratio  of  rock  14310  is 
larger  than  those  of  any  of  the  mare-type 
crystalline  rocks  collected  by  the  Apollo 
11,  12,  and  14  missions.  If  the  magma  of 
this  rock  was  directly  derived  from  the 
lunar  "mantle,"  as  suggested  above,  the 
MgO/FeO  ratio  of  the  lunar  "mantle" 
may  be  similar  to  that  of  the  earth's 
mantle.  Olivine  crystallized  at  3.5  kb 
and  1220  °C  from  the  alkali-enriched 
14310  composition  is  about  Fo90Fai0, 
supporting  this  argument. 

Solid  Solution  Characteristics  of 
Lunar  Spinels 

S.  E.  Haggerty 

An  electron  microprobe  study  of  the 
ternary  ulvospinel  Fe2Ti04-(chromite 
FeCr204-hercynite  FeAl204)  series,  rec- 


FegTi04 
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MgAI204 


FeCr204 


MgCr204 

Fig.  70.    (A)   Electron  microprobe  data  for  spinels  in  sample  15555,  an  Apollo  15  basalt.    (B) 
Electron  microprobe  data  for  spinels  in  two  basalts  and  in  48  basalt  particles  in  four  soil  samples. 
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ognized  as  a  new  varietal  series  in  the 
Apollo  11  samples  (Agrell  et  al.,  1970), 
has  been  carried  out  during  the  report 
year  on  spinels  in-material  collected  at 
the  Apollo  14  and  15  and  Luna  16  sites. 
This  spinel  series  has  been  recognized 
only  in  lunar  basalts  and  is  of  con- 
siderable interest  (1)  petrogenetically, 
(2)  compositionally,  (3)  crystallochemi- 
cally,  and  (4)  deuterically.  (1)  Mem- 
bers of  the  series  appear  to  precipitate 
throughout  the  crystallization  history  of 
some  basalts,  with  chromite-hercynite 
(Mg-Al  chromite)  crystallizing  during 
the  early  stages  and  ulvospinel  (Cr-Al 
ulvospinel)  crystallizing  during  late 
stages.  (2)  Spinels  in  Apollo  11  are  re- 
stricted to  intermediate  members  of  the 
series;  those  in  Apollo  12  and  14  show  a 
bimodal     distribution;     and     specimens 


FeCr204 


0.9         \^^0.S 

MgCr204 

from  these  sites  are  in  contrast  to  those 
of  the  Luna  16  site,  which  shows  that 
the  spinel  series  is  essentially  complete. 
(3)  Ulvospinel  is  structurally  inverse 
(FeIV8FeVI8TiVI8032),*  whereas  chro- 
mite (FeIV8CrVIi6032)  and  hercynite 
(FeIV8AlVI16032)  are  structurally  nor- 
mal. (4)  Subsolidus  reduction  of  late- 
stage  Cr-Al  ulvospinel,  which  decom- 
poses to  a  chromian-enriched  ulvospinel 
(or  Ti-Al  chromite)  +  ilmenite  +  Fe,  is 
recognized  as  a  widespread  phenomenon 
in  lunar  basalts  {Year  Book  69,  pp.  229 
and  245;  Haggerty,  1971;  El  Goresy, 
Ramdohr,  and  Taylor,  1971). 

A  total  of  740  electron  microprobe 
analyses  (for  Fe,  Mg,  Mn,  Ca,  Cr,  Al,  Ti, 

*  The  superscripts  IV  and  VI  indicate  tetra- 
hedral  (A-site)  and  octahedral  (B-site)  coordi- 
nation, respectively. 
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Si)  were  determined  on  spinels  in  samples 
from  the  Apollo  14  and  15  and  Luna  16 
sites.  The  major  objectives  of  this  sur- 
vey were  (a)  to  define  the  limits  of  solid 
solution  within  the  series,  (b)  to  sub- 
stantiate or  invalidate  the  existence  of 
the  Apollo  12  compositional  gap  (Year 
Book  69,  pp.  229  and  245)  in  other  ba- 
salts, and  (c)  to  determine  empirically 
whether  intermediate  members  of  a  nor- 
mal-inverse spinel  structural  series  are 
more  or  less  likely  to  crystallize  in  the 
absence  of  a  high-temperature  solvus 
than  spinels  exhibiting  high  normal  or 
high  inverse  coordination. 

Analytical  data  and  microscopic  ob- 
servations for  spinels  from  the  Apollo  14 
(Haggerty,  1972a)  and  Luna  16  (Hag- 
gerty,  19726)  sites  have  been  published  in 
detail.  Data  from  the  Apollo  15  samples 
were  determined  on  spinels  in  three  large 
(>  1  kg)  basalts  and  from  48  basalt 
particles  (2-10  mm)  in  four  soil  samples. 
The  results  (116  analyses)  from  sample 
15555  (large  basalt)  are  shown  in  Fig. 
70A  and  are  separated  from  the  remain- 
ing data  (356  analyses,  Fig.  70B)  because 
the  spinels  in  15555  show  the  first  con- 
vincing evidence  for  complete  solid  solu- 
tion of  the  normal-inverse  series  within  a 
single  sample.  In  addition  to  15555  one 
of  the  three  large  basalts  (15535,  Fig. 
70B)  contains  two  grains  of  composition 
intermediate  between  Fe2Ti04  and 
FeCr204;  the  remaining  basalt  (15058) 
and  16  of  the  soil  particles  contain  only 
Cr-Al  ulvospinel.  Of  the  remaining  soil 
fragments  23  exhibit  the  Apollo  12  bi- 
modal  distribution  (Year  Book  69) 
having  Mg-Al  chromite  and  Cr-Al  ulvo- 
spinel; nine  particles  contain  the  assem- 
blage Al-Ti  chromite,  i.e.,  intermediate 
Usp-(Chr-Her)  plus  Mg-aluminian  chro- 
mite, and  in  all  cases  both  ilmenite  and 
Fe  are  present  as  reaction  products,  in- 


dicative of  low-intensity  subsolidus  re- 
duction (Haggerty,  1971). 

Solid  solution  within  the  normal-in- 
verse spinel  series  is  accomplished  by  the 
substitution  of  Fe  +  Ti  for  Cr  +  Al. 
There  is  also  substitution  of  Mg  for  Fe 
but  this  is  clearly  limited  to  the  early 
formed  aluminian  chromites  (Fig.  70).  Mg 
falls  off  rapidly  with  increasing  Ti  con- 
tent and  decreasing  Cr  -\-  Al  contents, 
and  is  rarely  present  in  concentrations  of 
>1%  MgO  in  late-stage  ulvospinel. 
Values  for  Mg-Fe  substitution  are  shown 
in  Fig.  71.  There  is  a  considerable  scat- 
ter of  the  data  for  the  soil  samples  and 
for  two  of  the  large  basalts  (Fig.  71A). 
The  data  for  sample  15555  (Fig.  71B)  are 
equally  scattered,  and  this  scattering  is 
typical  of  the  pattern  determined  in  pre- 
vious studies  (Haggerty  1972a,  b) .  At 
least  part  of  this  scatter  can  be  removed 
if  the  Ti  content  of  the  spinels  is  also 
considered,  as  shown  in  Fig.  71B.  Two 
relatively  well-defined  linear  relation- 
ships (one  for  chromite  and  a  second  for 
ulvospinel)  emerge,  but  these  have  con- 
siderable overlap  and  there  is  a  per- 
sistent incoherence  for  intermediate 
members  (Cr-Al  ulvospinel  and  Ti-Al 
chromite)  of  the  series  with  values  of  Ti 
between  2.108  and  5.648  formula  units 
(32  oxygen  atoms). 

Substitution  of  Cr  for  Al  (Fig.  72)  is 
more  clearly  defined,  and  with  few  excep- 
tions, all  data  for  values  of  Cr  >  2.0 
formula  units  fall  between  Cr/Al  ratios 
of  2:1  to  3:1.  For  low  values  of  Cr 
(<  2)  the  range  of  Cr/Al  ratios  de- 
creases from  2:1  to  <1:1.  Aluminum 
enters  all  members  of  the  normal-inverse 
spinel  series,  indicating  that  aAl203  is 
sufficiently  great  to  cause  appreciable 
A1203  to  enter  the  spinel  structure 
throughout  the  crystallization  sequence. 

The  site  distribution  that  defines  the 
normal-inverse  character  of  the  series  is 
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Fig.  71.  (A)  Fe-Mg  substitution  in  spinels. 
The  dashed  lines  are  indicative  only  of  the 
possible  linear  relationships  that  may  exist  for 
high  and  low  values  of  Ti  as  shown  in  B.  (B) 
Fe-Mg  substitution  in  spinels  in  basalt  15555. 
Dashed  lines  indicate  the  best  fit  (by  eye) 
for  each  of  three  compositional  groups;  the 
groups  are  based  on  high,  intermediate,  and  low 
Ti  contents  for  the  ranges  indicated. 


related  to  the  site  preference  energies  of 
the  transition  metal  ions  Fe2+,  Mg,  Cr, 
Al,  and  Ti.  Of  these,  Cr,  Al,  and  Ti  have 
high  octahedral  (B-site)  preference 
(McClure,  1957 ;  Dunitz  and  Orgel,  1957 ; 
Gorter,  1954;  Stephenson,  1969).  Mg  and 
Fe2+  are  capable  of  entering  either  octa- 
hedral or  tetrahedral  sites,  although  Mg 
shows  a  slight  preference  of  A-site  coordi- 
nation, and  Fe2+  a  slight  preference  for 
B-site  coordination  (Navrotsky  and 
Kleppa,  1967) .  These  latter  factors  may- 
explain  the  limited  degree  of  Mg  substi- 
tution in  the  spinel  series  (Mg  substitu- 
tion occurs  only  in  aluminian  chromites) 


and  may  also  explain  the  scattered  site 
distribution  for  intermediate  members.  It 
is  within  this  compositional  range  that 
the  most  radical  coordination  changes 
take  place,  evolving  from  all  divalent 
ions  occurring  in  the  A  site  (chromite) 
to  an  oxygen  coordination  in  which  the 
divalent  ions  are  equally  distributed  be- 
tween the  A  and  B  sites  (ulvospinel). 

In  contrast  to  the  behavior  of  the  diva- 
lent ions,  a  well-defined  relationship 
exists  for  those  cations  exhibiting  high 
octahedral  site  preference  energies  (Cr, 
Al,  Ti).  The  trivalent  ions  are  shown  as 
a  function  of  Ti  in  Fig.  73;  the  straight 
line  represents  the  theoretical  concentra- 
tions present  for  these  elements  in  the 
spinel  structure  and  is  extrapolated  for 
intermediate  members  between  ulvo- 
spinel, with  Ti  =  8  (FeIV8FeVI8TiVI8032) 
and  chromite-hercynite,  with  Cr  +  Al  = 
16  (FeIV8(Cr  +  A1)VI16032).    The  data 
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in  Fig.  73  correlate  with  the  theoretical 
octahedral  line,  but  it  is  noteworthy  that 
<5%  of  the  analyses  are  coincident;  the 
majority  show  a  negative  displacement, 
and  <1%  show  a  positive  displacement. 
In  recalculating  the  atomic  proportions  it 
is  assumed  that  titanium  and  chromium 
are  in  the  Ti4+  and  Cr3+  valency  states, 
respectively.  If  it  is  assumed  that  a  sig- 
nificant part  of  each  of  these  is  the  Ti3+ 
and  Cr2+  states,  an  even  greater  negative 
departure  would  result.  It  cannot  be  con- 
cluded that  Ti3+  and  Cr2+  are  absent,  but 
if  these  lower  valency  states  are  present, 
their  concentrations  must  be  very  small. 
The  negative  departure  is  greater  than 
that  expected  by  analytical  error;  no 
other  elements  were  detected  in  the  pro- 
portions necessary  to  fit  the  data  coinci- 
dentally  with  the  octahedral  line.  It  must 
be  concluded  therefore  that  the  B  site  is 
either  deficient,  or  if  it  is  indeed  satisfied 
(16  cations/32  02~),  then  at  least  part  of 
the   divalent   cations   must   also   exhibit 


octahedral  coordination.  This  conclusion 
is  plausible  for  the  ulvospinel-rich  mem- 
bers, but  the  situation  is  unlikely  to  arise 
for  the  chromite-rich  members  that  have 
Ti  in  addition  to  Cr  -f-  Al  in  the  B  site 
and  are  therefore  classically  normal. 

The  data  presented  for  spinels  in  the 
Apollo  15  samples  do  not  show  any  major 
discrepancies  from  those  determined  in 
samples  from  the  four  remaining  lunar 
sites.  Sample  15555  is  exceptional  insofar 
as  the  entire  normal-inverse'  spinel  is 
present.  Data  gathered  show  that  the 
series  probably  does  not  contain  a 
miscibility  gap  at  high  temperatures 
(>1000°C)  as  previously  suggested 
(Year  Book  69)  but  does  show  a  very 
distinct  paucity  of  intermediate  members 
(see  Fig.  73  for  example,  in  which  <10% 
of  the  spinels  have  values  of  Ti  of  3—5 
and  values  of  Cr  +  Al  of  7-9  formula 
units).  Experimental  work  on  the  sys- 
tem Fe2Ti04-FeAl204-FeCr204  (Muan, 
Hauck,  and  Lofall,  1972)  indicates  that 
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Fig.  73.  (Cr  +  Al)-Ti  substitution  in  lunar  spinels.  The  straight  line  joins  the  theoretical  end- 
member  values  for  Ti  in  ulvospinel  (FeIV8FeVI8TiVI8032)  and  for  Cr  +  Al  in  chromite-hercynite 
(FeIV8(Cr-r-Al)VIi6032).  Note  the  high  concentration  of  data  in  the  end-member  regions  and  the 
paucity  of  data  for  intermediate  members. 
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a  solvus  is  present  along  the  join 
Fe2Ti04-FeAl204  but  that  the  series 
FeAl204-FeCr204  and  the  series  FeCr204- 
Fe2Ti04  are  complete  above  1000°C. 
These  relationships  suggest  that  the  prob- 
ability of  intermediate  compositions  ap- 
pearing should  diminish  as  the  FeAl204 
content  of  FeCr204-Fe2Ti04  increases, 
but  this  is  exactly  the  opposite  of  what 
is  observed  and  is  ideally  illustrated  by 
the  Luna  16  spinels  (Haggerty,  19726) , 
which  show  that  a  large  proportion  of 
intermediate  compositions  are  present 
and  that  these  are  highly  enriched  in 
A1203  (15-25%).  A  limiting  factor  that 
may  inhibit  the  precipitation  of  inter- 
mediate members  is  that  of  structural 
instability  within  the  normal-inverse 
series.  Alternatively,  a  miscibility  gap 
may  exist  at  lower  temperatures 
(<1000°C),  in  which  case  intermediate 
spinel  members  are  metastable  crystal- 
lization products.  No  quantitative  data 
are  yet  available  to  judge  the  validity  of 
either  of  these  suggestions.  The  only 
other  comparable  normal-inverse  series 
is  that  of  magnetite-hercynite,  which  is 
known  to  have  a  solvus  (Turnock  and 
Eugster,  1961)  and  which  therefore  pre- 
vents any  assessment  of  the  role  of  struc- 
tural instability  versus  that  of  thermal 
control  for  intermediate  members. 

In  conclusion,  well-defined  ionic  sub- 
stitutional relationships  in  the  normal- 
inverse  spinel  series  exist  for  Cr-Al  and 
for  (Cr  -f-  Al)-Ti  in  B-site  coordination; 
Fe-Mg  substitution  is  ill  denned  and  is 
considered  to  be  a  crystallochemical 
effect  brought  about  by  the  changes  in 
coordination  of  the  divalent  ions  from 
exclusive  A-site  positions  in  chromite- 
hercynite  to  A  -f-  B  sites  in  ulvospinel. 
For  the  substitution  of  Fe  +  Ti  for  Cr  + 
Al,  within  the  ternary  system  hercynite- 
chromite-ulvospinel,  there  is  a  sur- 
prisingly narrow  compositional  range  for 


spinels  (0.6  Chr,  0.4  Her,  to  0.75  Chr,  0.25 
Her  and  Usp)  from  the  five  lunar  landing 
sites.  Early  enrichment  of  MgCr204- 
MgAl204  is  variable  at  the  sites  and  is 
restricted  to  FeCr204-FeAl204  members. 
Mg2Ti04  has  not  been  detected.  The 
spinel  compositional  discontinuity  ob- 
served in  Apollo  12  is  present  in  many 
lunar  basalts;  a  small  number  of  basalts 
contain  spinels  of  the  entire  series,  but 
the  majority  of  basalts  exhibit  a  distinct 
bimodal  spinel  distribution  with  few 
intermediate  compositions.  The  experi- 
mental data  do  not  support  the  conten- 
tion of  a  miscibility  gap  at  high  tem- 
peratures, and  it  is  suggested  that  either 
intermediate  members  of  the  normal- 
inverse  spinel  series  are  structurally 
unstable  or  spinels  of  intermediate  com- 
position are  metastable  precipitates 
below  a  low-temperature  solvus  along 
the  join  FeCr204-Fe2Ti04. 


Crystal-Field  Studies  of  Lunar 

Samples* 

P.  M.  Bell  and  H.  K.  Mao 

The  spectral  properties  of  lunar  crys- 
tals have  been  referenced  as  a  guide  to 
evaluating  the  chemical  environment 
under  which  the  Apollo  lunar  rocks  crys- 
tallized. Spectra  for  pyroxene  and 
olivine  crystals  from  the  Apollo  11  and 
12  missions  were  measured  previously 
(Year  Book  69  and  Year  Book  70).  The 
recent  Apollo  14  and  15  missions  have 
provided  more  extensive  samples,  in- 
cluding a  wide  variety  of  breccias,  glass 
fragments,  and  soil,  as  well  as  an  elabo- 
rate suite  of  igneous  rocks.  The  measure- 
ments have  been  continued  on  the  Apollo 

*  Work  supported  in  part  by  National  Sci- 
ence Foundation  grant  GA  22707  and  National 
Aeronautics  and  Space  Administration  grant 
NGL-09-140-012. 
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12,  14,  and  15  samples  in  this  study,  em- 
ploying a  newly  modified  technique  at 
1  atm  and  at  high  pressure  (Bell  and 
Mao,  elsewhere  in  this  report). 

The  main  thrusts  of  the  study  were  to 
analyze  the  crystal-field  effects  on  iron 
and  titanium  and  to  generally  character- 
ize the  near  infrared  properties  of  the 
samples.  The  oxidation  states  of  iron 
and  titanium  give  an  indication  of  their 
crystallization  history.  Their  absorption 
in  the  near  infrared  is  a  measure  of  the 
thermal  radiative  properties  of  the 
samples. 

Among  the  crystals  studied  at  1  atm 
are  pigeonitic  and  augitic  pyroxenes  from 
Apollo  igneous  rocks  12063,79,  14053, 
and  14306,6.  Plagioclase  crystals  were 
studied  from  the  soil  sample  14163,33  and 
from  the  igneous  rock  15601,94.  Olivines 
were  studied  from  breccia  14306,6  and 
igneous  rocks  15555,205  and  15601,94 
(see  Haggerty,  Bell  and  Boyd,  elsewhere 
in  this  report).  A  crystal  of  pigeonite 
(12040,49)  was  studied  at  1  atm  and  at 
high  pressure.    The  crystal-field  proper- 


ties of  each  sample  were  measured,  and 
then  each  grain  was  examined  by  electron 
microprobe.  The  chemical  analyses  are 
listed  in  Table  39. 

Figure  74  shows  a  spectral  plot  of  a 
single  crystal  of  pigeonite  (sample 
14053).  The  spectra  are  polarized  in  the 
a,  /?,  and  y  optical  directions.  The  strong 
bands  at  10,800  cm"1  (0)  and  5236  cm"1 
(a)  are  caused  by  spin-allowed  transi- 
tions in  Fe2+  ions,  which  are  coordinated 
by  oxygen  atoms  in  M2  octahedral  sites. 
The  bands  at  10,800  cm"1  and  8547  cm"1 
(/8  and  y)  are  caused  by  transitions  in 
Fe2+  at  the  Ml  octahedral  site.  Assign- 
ments of  the  bands  were  made  with  the 
aid  of  X-ray  diffraction  and  Mossbauer 
data  (Bancroft,  Burns,  and  Howie,  1967) , 
on  the  basis  of  the  photon-induced  transi- 
tion 5T29-*5Eg. 

Broad  bands  between  14,100  and  16,600 
cm"1  and  bands  at  18,200  and  23,420  cm'1 
are  believed  to  be  caused  by  charge  trans- 
fer or  by  spin-forbidden  transitions  of 
iron.  The  slope  starting  at  20,000  cm"1 
and  the  doublet  at   19,720   and   19,880 
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Fig.  74.    Polarized  spectra  of  Apollo  14053  pigeonite. 
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Fig.  75.  Polarized  spectra  of  Apollo  14306,6  pigeonite. 

cm"1  are  attributed  in  part  to  coupled  Figure  75  shows  spectra  of  a  pigeonite 

transitions  of  Ti3+  and  Ti4+.  The  presence  crystal   from   soil   sample    14306,6    (see 

of    Fe3+    could    also    contribute    to    the  Mao  and  Bell,  elsewhere  in  this  report), 

shoulder.  Figure  76  shows  spectra  of  an  augite  from 
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Fig.  76.   Polarized  spectra  of  Apollo  14053  augite. 


484 


CARNEGIE     INSTITUTION 


J I L 


500 


1500 
Wave  length  ,nm 


2500 


Fig.  77.   Polarized  spectra  of  Apollo  12063,79  pigeonite  and  augite. 


rock  sample  14053.  Figure  77  shows  spec- 
tra of  a  grain  of  pigeonite  zoned  with  a 
rim  of  augite  (rim  thickness  approxi- 
mately 10  /tm,  sample  12063,79),  meas- 
ured as  part  of  a  project  involving  cali- 
bration for  remote  spectra  scanning  of 
the  lunar  surface  by  telescope  (Adams 
and  McCord,  1972).  The  absorption  of 
augite   starts   to   rise   drastically   above 


CoMgSi206A IT 


14,500  cm"1.  As  a  result  the  augite  has 
brown  color,  whereas  the  pigeonite  is 
green.  This  rising  slope  is  attributed  to 
the  crystal-field  band  of  Ti3+  and  charge 
transfer  of  the  Ti4+. 

An  analysis  of  the  properties  can  be 
made  with  the  assistance  of  the  composi- 
tional plot  shown  in  Fig.  78.  The  com- 
positions in  the  pyroxene  quadrilateral 
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Fig.  78.   Compositional  plot  of  lunar  pyroxenes. 
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and  curve  for  constant  2V  =  0°  pertain- 
ing to  this  pure  wo-en-fs  system  are 
superimposed.  The  optical  a  and  fS  orien- 
tations of  pigeonite  are  inverted  on  cross- 
ing this  curve.  The  a.  orientation  of  a 
pigeonite  at  the  calcium-poor  side  of  the 
curve  is  crystallographically  equivalent 
to  the  /3  orientation  at  the  calcium-rich 
side  and  vice  versa.  The  lunar  pyroxenes 
contain  significant  amounts  of  aluminum 
and  titanium,  so  that  the  curve  has  had  to 
be  readjusted  to  account  for  the  variation. 
In  the  optical  spectra  the  very  intense 
band  located  approximately  at  a  wave- 
length of  1  fim  is  an  a  band  at  the  cal- 
cium-poor side  of  the  curve  and  is  a  /3 
band  at  the  calcium-rich  side. 

Absorption  bands  for  iron  inplagioclase 
have  not  been  previously  measured  and 
their  assignment  is  purely  empirical.  The 
preset  crystal  contains  only  a  minor 
amount  of  iron  (Table  39),  part  of  which 
could  be  ferric  (Weeks,  Kolopus,  and 
Kline,  1972).  Figure  79  is  a  plot  of  the 
polarized  spectra  of  a  crystal  from  sam- 
ple 14053. 

The  strong  polarized  band  at  8000  cm"1 
(a)  is  probably  caused  by  octahedrally 
coordinated  Fe2+,  as  in  the  spectra  of 
pyroxene    and   olivine    (Bell    and    Mao, 


Year  Book  70) .  No  bands  attributable  to 
Fe3+  (Bell  and  Mao,  this  report)  are  ob- 
served, however,  perhaps  because  of  its 
extremely  low  concentration  (less  than  1 
part  in  ten  thousand) . 

The  spectra  of  an  olivine  crystal  of  the 
approximate  composition  Fo50Fa5o  (Table 
39)  selected  from  igneous  rock  sample 
15555  are  shown  in  Fig.  80.  The  Fe2+  bands 
for  the  three  directions  a,  /?,  and  y  lo- 
cated in  the  regions  near  10,000  cm"1  are 
similar  to  those  described  previously 
(Bell  and  Mao,  Year  Book  70).  The 
polarized  bands  at  16,080  cm"1  {a)  and 
18,200  cm"1  (a,  /?,  y) ,  attributed  to  Fe3+, 
occur  as  well. 

A  pigeonite  crystal  was  selected  from 
rock  12040,49.  The  polarized  spectra 
measured  at  1  atm  and  20  kb  are  shown 
in  Fig.  81A.  Figure  81B  shows  plots  of 
unpolarized  spectra  of  a  polycrystalline 
sample  of  the  same  crystal  at  1  atm  and 
at  90  kb.  Samples  were  pressurized  with 
the  diamond-windowed  cell  (Mao  and 
Bell,  Year  Book  70) .  The  high  spectral 
background  of  the  polycrystalline  sample 
is  caused  by  increased  scattering  at  the 
grain  boundaries,  but  the  main  Fe2+  band 
can  be  identified. 
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Fig.  79.  Polarized  spectra  of  Apollo  14163,33  plagioclase. 
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Fig.  80.   Polarized  spectra  of  Apollo  15555,205  olivine. 


The  pressure  shift  of  the  band  is  nearly 
linear  (approximately  7.5  cm"1/kb).  The 
significance  of  this  shift  is  that  a  broad 
window  is  effectively  formed  in  the  near 
infrared  region  where  radiative  heat 
transfer  can  occur.  The  effect  of  tempera- 
ture on  the  band  has  not  yet  been 
measured. 

Lunar  soils  contain  varying  amounts  of 
glass,  presumably  of  volcanic  origin.  The 
compositions  of  many  of  the  glass  frag- 
ments (Table  39)  are  the  same  as  those 


of  lunar  basaltic  or  anorthositic  rocks 
but  some  correspond  to  that  of  a  single- 
crystal  phase.  In  all  of  the  glasses  studied 
there  evidently  is  a  degree  of  long-range 
order  (smectic  state)  because  optical 
spectra  are  observed,  which  are  related  to 
their  iron  and  titanium  contents. 

The  main  absorption  bands  due  to 
octahedrally  coordinated  Fe2+  in  crystals 
(Bell  and  Mao,  Year  Book  70)  occur  in 
lunar  glass  as  a  single  broad  band,  cen- 
tered in  the  region  9000-10,000  cm-1.  Un- 


GEOPHYSICAL     LABORATORY 


487 


Wave  number. 

:m"' 

12,000 

11,000 

10,000 

1         1          ' 
20  kb 

i           i           |           i 

A 

1  1,019  cm"1 
* 

Apollo   12040,49 

- 

pigeonite 

- 

- 

/      /               10,870  cm" 
/     /                    1  bar 
/    / 
/    / 

\    \ 
\     \ 
\      \ 

/   / 

\      ' 

/    / 
/    / 
/    / 

\       \ 
\       \ 
\       \ 

- 

/    / 
/    / 
/     / 
/     / 
/     / 
/      / 
/      / 
/      / 

\       \ 
\       \ 

A  \ 

\  \ 
\  \ 
\  \ 
\  \ 

- 

-  / 

/      / 

/ 

/ 

/ 

/ 

; 
/ 

20  kb 
11,065  cm-' 

\  \ 
\  \ 
\  \ 
\  \ 
\  \ 

- 

/ 

1 

V 

/ 
/ 

,.,!,,, 

10,913  cm-1 
1  bar 

1      .     .      ,     . 

i 

- 

three  lunar  glasses  with  varying  ratios  of 
Fe  and  Ti.  Figure  82B  shows  the  spec- 
trum of  a  relatively  colorless  glass, 
probably  formed  from  a  contaminated 
melt  of  a  low-iron  basalt  (5.09  wt  %  FeO, 
0.29  wt  %  Ti02).  Figure  82A  shows  the 
spectrum  of  a  green  lunar  glass  quenched 
from  a  basalt  liquid  representative  of  the 
lunar  mare  regions  (Reid  et  al.,  1972). 
This  green  glass  is  iron  rich  and  titanium 
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Fig.  81.  (A)  The  effect  of  pressure  on  the 
polarized  spectra  of  Apollo  12040,49  single- 
crystal  pigeonite.  (B)  The  effect  of  pressure  on 
the  nonpolarized  spectra  of  Apollo  12040,49 
polycrystalline  pigeonite. 
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like  the  Fe2+  bands  in  single  crystals,  this 
band  does  not  change  in  energy  with 
composition.  Another  band,  which  ap- 
pears to  be  centered  in  the  ultraviolet  Fig.  82.  (A)  Spectrum  of  Apollo  14163,33 
region,  tails  into  the  visible  region,  how-  glass  with  high  iron  and  low  titanium  content, 
ever,  and  this  tail  varies  in  energy  with  ,(B)  Spectrum  of  Apollo  14163  33  glass  with  low 
'  .  J  iron  and  low  titanium  content.  (C)  Spectrum 
the  titanium  content.  of  Apollo  14163,33  glass  with  high  iron  and  high 
Figure  82  shows  unpolarized  spectra  of  titanium  content. 
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Fig.  83.  (A)  Absorption  coefficient  of  the  1.1  ^m  Fe2+  crystal-field  band  as  a  function  of  FeO 
content  of  lunar  glasses.  (B)  Wavelength  of  the  absorption  minimum  as  a  function  of  titanium 
content  (as  Ti02)  of  lunar  glasses.   Open  circles,  Apollo  14163,33;  solid  dots,  Apollo  15601,94. 


poor  (17.01  wt  %  FeO,  0.6  wt  %  Ti02). 
The  third  spectrum  (Fig.  82C)  is  meas- 
ured from  a  red  glass,  rich  in  both  iron 
and  titanium  (20.84  wt  %  FeO,  7.30  wt 
%  Ti02) ,  and  it  also  corresponds  to  a 
mare  basalt.  Not  shown  in  the  figure  are 
glasses  of  intermediate  titanium  content, 
which  are  various  shades  of  brown. 

The  intensity  of  the  strong  band  at 
9000-10,000  cm"1  varies  with  the  iron 
content  at  constant  energy.  The  absorp- 
tion tail  from  the  high-energy  ultraviolet 
region  below  500  nm  varies  with  the  total 
amount  of  titanium  in  the  glasses  but 
probably  is  affected  by  the  ratio  Ti3+/ 
Ti4+  as  well.  In  the  wavelength  region 
555-700  nm  the  absorption  minimum  is 
a  result  of  the  interaction  between  the 
iron  and  titanium  absorption  edges.  This 
minimum  varies  in  energy  only  with  ti- 
tanium content  and  forms  a  visible-light 


transmission  window,  causing  the  colors 
of  the  glasses.  The  window  also  has  a 
strong  effect  on  the  albedo  properties  of 
the  glass. 

Figure  83A  shows  a  plot  of  the  ana- 
lyzed FeO  content  of  several  lunar  glasses 
versus  absorption  coefficient  (absorbance 
per  unit  thickness,  in  cm"1)  of  their  iron 
absorption  band.  A  linear  correlation 
exists.  A  plot  of  titanium  content  versus 
the  wavelength  of  the  absorption  mini- 
mum is  shown  in  Fig.  83B,  but  considera- 
ble scatter  is  evident  in  this  plot.  The 
variation  is  not  a  function  of  titanium 
content  alone  but  is  probably  related  to 
the  ratio  Ti3+/Ti4+  as  well.  All  of  the 
points  plot  to  one  side  of  the  dashed  line, 
suggesting  that  it  corresponds  to  a  limit- 
ing value  of  Po2  for  the  quenched  liquids. 
Another  such  line  would  lie  near  the 
vertical  axis,  and  curves  corresponding 
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to  intermediate  oxygen  pressures  would 
lie  between  the  two  lines.  The  range  of 
oxygen  pressure  for  the  two  limiting  lines 
and  for  the  glasses  plotted  between  them 
is  estimated  at  10"7-10"4  atm  (Haggerty 
etal.,1970). 

Interpretation  of  the  spectra  of  the 
lunar  crystals  and  glasses  can  be  sum- 
marized in  the  following  way.  The  rela- 
tive excess  of  reduced  iron  and  titanium 
in  both  crystals  and  glass  appears  to  be 


"frozen  in"  and  thereby  acts  as  a  fossil 
indicator  of  the  ancient  lunar  environ- 
ment. Later  alteration  of  the  original 
states  by  meteoritic  impact  or  perhaps  by 
the  influence  of  the  solar  wind  is  difficult 
to  assess,  but  most  of  the  rocks  appear 
unaltered  by  secondary  effects.  The  mini- 
mum partial  pressure  of  oxygen  for  the 
samples  estimated  at  approximately 
10"13-5  atm  by  Haggerty  et  al.  (1970)  is 
consistent  with  the  present  observations. 


STATISTICAL  PETROGRAPHY 


The  rock  information  system 
RKNFSYS,*  described  at  some  length  in 
Year  Book  70,  has  aroused  considerable 
professional  interest  as  well  as  a  measure 
of  acceptance  and  some  useful  criticism. 
Extension  and  improvement  of  the  data 
base,  expansion  of  the  program  repertoire, 
and  continuance  of  the  public  pilot  test 
of  the  system  have  been  the  major  activi- 
ties in  statistical  petrography  during  the 
report  year. 

Major  developments  were  about  equally 
divided  between  expansion  of  the  pro- 
gram repertoire  of  the  system  and  im- 
provement of  its  data  file.  The  quality 
of  copy  in  the  latter  is  now  probably 
comparable  to  that  of  the  best  grade  of 
conventionally  published  tables  of  this 
kind.  Material  is  no  longer  being  col- 
lected from  secondary  sources,  and  as 
time  and  language  facility  permit,  exist- 
ing secondary  source  citations  are  being 
eliminated.  Finally,  a  geographic  desig- 
nator— a  word  containing  latitude  and 
longitude  to  the  nearest  degree — has  been 
added  to  each  record  of  the  file.  Previ- 
ously, the  user  had  to  be  familiar  with  the 
arbitrary  and  rather  inconstant  sequenc- 
ing of  records  in  the  data  file  in  order  to 
specify  those  to  be  searched  for  a  par- 

*The  operation  of  RKNFSYS  is  partially 
supported  by  National  Science  Foundation 
grant  GA  30212;  all  calculations  are  initiated 
from  a  remote-batch  data  terminal  at  the  Geo- 
physical Laboratory  and  performed  at  the  com- 
putation center  of  the  University  of  Maryland. 


ticular  retrieval  or  reduction,  and  his  list 
was  valid  only  for  some  specific  version 
of  the  file.  Now  he  need  specify  only  the 
limiting  latitudes  and  longitudes  of  the 
area(s)  to  be  searched. 

This  development  has  necessitated  ex- 
tensive modification  of  existing  programs 
that  read  the  system  library  file.  Readers 
familiar  with  the  system  will  recall  that 
there  are  only  three  of  these.  One  gen- 
erates alphabetized  lists  of  source  ref- 
erences; another  computes  norms;  the 
third,  and  by  all  odds  most  important, 
prepares  a  work  file  containing  the  re- 
quested information  in  a  compact  form 
easily  and  quickly  read  by  the  various 
data  reduction  programs.  Several  of  the 
latter  have  been  added  to  the  system  dur- 
ing the  last  part  of  the  report  year,  and 
major  expansion  of  the  program  reper- 
toire of  the  system  is  at  last  well  under 
way. 

Search  Procedures  and  Cost 

Differentials  in  the  Current 

Operation  of  RKNFSYS 

F .  Chayes 

It  is  characteristic  of  natural  history 
as  a  whole  that  no  one  can  be  a  master  of 
any  of  its  subdisciplines  who  is  not  also 
a  master  of  the  literature  of  that  sub- 
discipline.  This  kind  of  mastery,  the 
hallmark  of  the  scholar  through  the  first 
half  of  the  century,  is  becoming  increas- 
ingly difficult  to  attain.   For  most  of  us, 
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indeed,  the  mere  bulk  of  information 
accumulating  in  recent  years  is  more  than 
can  be  handled;  the  past  is  lost  beyond 
recall,  and  it  is  easy  to  fall  into  the 
habit  of  supposing  that  it  contains  little 
of  moment  to  current  work.  The  intro- 
duction of  "active"  data  storage — i.e.,  of 
a  data  base  that  can  be  accessed  by  the 
user  without  operator  intervention — 
creates  the  possibility  that  this  dangerous 
parochialism  can  be  avoided.  A  return 
to  comprehensive  command  of  available 
information  is  likely  to  prove  difficult  for 
the  smaller  descriptive  sciences  to  sup- 
port, however,  for  in  nearly  all  of  them 
the  amount  of  recorded  information  is 
vast  and  the  number  of  practitioners  is 
small. 

The  work  on  RKNFSYS,  though  of 
detailed  interest  only  to  petrographers, 
provides  an  opportunity  to  review  and 
modify  traditional  literature-search  pro- 
cedures common  to  a  number  of  earth 
science  disciplines.  Petrographers  actively 
concerned  with  electronic  data  storage, 
retrieval,  and  reduction  have  been  of  a 
divided  mind  about  whether  there  should 
be  a  single  publicly  accessible  system,  a 
few  such  systems,  or  as  many  systems  as 
there  are  interested  petrographers.  The 
last  of  these  possibilities  would  surely  be 
preferable  if  cost  were  no  bar  and  was  in 
fact  rather  widely  favored  during  the 
period  in  which  detailed  cost  information 
was  either  unobtainable  or  unimportant. 
Each  investigator  then  seemed  interested 
in  systems  developed  by  others  not  for 
the  scientifically  usable  data  reductions 
these  systems  could  provide  but  for  the 
raw  data  that  could  be  extricated  from 
them  and  added  to  his  own.  The  clear 
implication  was  that  in  the  very  near 
future  everyone  who  wanted  one  would 
have  an  enormous  data  bank  of  his  own, 
just  as  in  the  not  so  remote  past  every 
interested  petrographer  owned  his  own 
copies  of  the  tables  of  Iddings,  Washing- 
ton, Osann,  or  Niggli. 

Experience  already  acquired  in  routine 
system  maintenance,  and  particularly  in 


the  ongoing  pilot  test,  suggests  that  this 
is  a  very  unrealistic  appraisal  of  near- 
and  mid-future  prospects.  Completely 
ignoring  development  costs,  which  are 
sizable  and  will  almost  certainly  require 
continuing  foundation  support  of  one 
form  or  other,  few  petrographers  could 
afford  to  use  an  exhaustive  electronic 
data  file  frequently  or  extensively  enough 
to  make  its  possession  worthwhile.  What 
is  at  issue  here  is  a  reversal  of  normal 
scholarly  priorities  so  extreme  as  to  be 
of  rather  general  interest. 

Given  the  existence  of  a  table  of  rock 
analyses  and  the  assignment  of  obtaining, 
say,  the  sample  frequency  distributions 
of  essential  oxides  in  a  sizable  number  of 
analyses  known  to  be  scattered  through 
the  table,  the  investigator  proceeding  in 
conventional  fashion  would  usually  ex- 
perience little  difficulty  in  keeping  the 
table  in  his  own  library  or  arranging  to 
borrow  it  from  or  use  it  in  a  library  to 
which  he  had  access.  He  would  expect  to 
expend  far  more  effort  on  extracting  the 
necessary  data  from  the  table  and  con- 
siderably more  again  in  performing  the 
data  reduction  than  in  extracting  the  raw 
data  from  the  table.  The  electronic  ana- 
logues of  these  operations  are,  in  order, 
(a)  maintenance  of  the  information  sys- 
tem in,  or  its  introduction  into,  active 
mass  storage;  (b)  extraction  of  the  re- 
quired data  from  the  system  data  file, 
usually  accompanied  by  insertion  of  these 
data  in  a  separate  mass  storage  "prob- 
lem" file  in  a  form  in  which  they  can  be 
retained  and  read  more  economically; 
and  (c)  preparation  of  the  data  reduc- 
tion. In  systems  relying  on  tape  or  drum 
storage  the  order  of  difficulty  of  these 
tasks,  as  judged  by  their  cost,  is  exactly 
opposite  to  what  is  encountered  in  con- 
ventional, nonelectronic  data  processing. 

In  a  routinely  operating  electronic  li- 
brary no  reader  has  a  stack  pass  and 
there  is  a  variable  but  usually  fairly  stiff 
fee  each  time  a  call  slip  is  serviced  by  the 
stack  attendant.  Continued  residence  of 
the  data  file  in  active  mass  storage  is  the 
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electronic  equivalent  of  borrowing  a 
volume  from  a  conventional  library;  it 
gives  the  user  access  to  the  file  at  his 
convenience  for  the  duration  of  the  loan 
period.  But  there  is  likely  to  be  a  far 
from  nominal  charge  for  this  "circulation 
privilege."  The  charge  will  almost  cer- 
tainly vary  directly  with  the  size  of  the 
data  file,  and  in  the  current  operation  of 
RKNFSYS  it  is  large  enough  so  that  the 
residence  time  of  the  full  system  in  active 
mass  storage  must  be  closely  rationed. 
The  charges  so  far  mentioned,  applying 
to  the  electronic  equivalents  of  services 
for  which  no  public  library  directly  bills 
its  individual  users,  account  for  most  of 
the  cost  of  operating  the  rock  informa- 
tion system.  Charges  for  transferring 
data  from  the  main  library  file  into  a 
work  file,  the  electronic  analogue  of  the 
work  table  from  which  conventional  data 
reductions  are  made,  are  surprisingly 
modest.  Charges  for  the  actual  petro- 
graphic  data  reductions — however  com- 
plex or  extensive — performed  on  data 
stored  in  the  work  file  are  almost  invari- 
ably trivial. 

This  striking  reversal  of  the  normal 
order  of  difficulty  of  the  tasks  involved  in 
data  reduction  will  hardly  be  of  much 
concern  to  the  petrographer  interested 
in  a  broad,  synoptic  study  of  rock  compo- 
sition; he  will  simply  balance  the  pro- 
jected overall  cost  of  a  particular  opera- 
tion against  the  resources  available  to 
him  at  a  particular  time.  While  the  mere 
existence  of  a  reasonably  sophisticated 
rock  information  system  will  certainly 
stimulate  interest  in  this  kind  of  study, 
probably  most  users  of  such  a  system 
would  have  much  more  limited  objectives. 
A  man  contemplating  geological  work  in 
a  particular  area,  for  instance,  might 
want  to  become  familiar  with  what  is  al- 
ready known  about  the  composition  of 
rocks  in  that  area.  Or,  having  completed 
his  study  of  a  particular  area,  an  investi- 
gator might  want  information  about  oc- 
currences of  similar  rocks  elsewhere.  Ex- 
perience with  RKNFSYS  to  date  suggests 


that  service  requests  of  this  type  will  far 
outnumber  those  for  large-scale  data 
reductions. 

To  what  may  be  called  the  "limited 
objective"  user  it  will  be  a  matter  of  con- 
siderable and  perhaps  decisive  practical 
importance  that  such  a  large  part  of  the 
expense  of  routine  system  operation  is 
concerned  with  the  business  of  introduc- 
ing the  system  into  active  mass  storage 
and  maintaining  it  there,  for  it  is  pre- 
cisely these  activities  whose  costs  could 
be  prorated  among  the  users  of  a  publicly 
accessible  system.  One  may  hope,  but 
hardly  anticipate  with  any  confidence, 
that  a  sufficiently  drastic  reduction  of 
storage  and  transfer  charges  will  one  day 
eliminate  both  the  cost  differentials  dis- 
cussed here  and  the  problem  they  create. 
In  the  meantime,  however,  it  is  possible 
that  with  sufficient  imagination  and  ini- 
tiative in  the  matter  of  system  develop- 
ment, the  profession  could  manage  to 
support  publicly  a  service  few  of  its  prac- 
titioners could  afford  individually. 

Modification  of  the  Data  Base 
of  RKNFSYS 

F.  Chayes  and  H.  Wolanin 

The  most  important  improvement  of 
the  data  bank  has  been  the  addition  of  a 
geographical  index  word  to  each  logical 
record.  This  is  a  six-digit  number  in 
which  the  three  lower-order  digits  denote 
longitude  and  the  three  higher-order 
digits,  latitude,  both  to  the  nearest  de- 
gree. For  this  purpose  latitude  is  meas- 
ured southward  from  an  origin  at  the 
North  Pole  and  longitude,  westward  from 
the  Greenwich  meridian.  In  actual  prac- 
tice, however,  the  user  of  the  system  will 
specify  location  in  conventional  units, 
degrees  north  or  south  of  the  equator  and 
east  or  west  of  Greenwich.  These  will 
be  packed  into  the  code  word  by  a  sub- 
routine that  will  also  generate  a  list  of 
logical  record  "patches"  satisfying  the 
areal  specifications.    The  random  access 
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input-output  subroutine  described  in 
last  year's  report  permits  inclusion  of  the 
geographical  index  words  in  the  file  di- 
rectory. Conversion  of  geographic  speci- 
fication lists  to  logical  record  lists  thus 
requires  only  a  search  of  the  directory, 
and  since  the  directory  resides  in  core, 
this  search  is  completed  in  a  few  hun- 
dredths of  a  second. 

The  changeover,  not  quite  complete  at 
the  present  writing,  has  required  exten- 
sive modification  of  programs  that  gen- 
erate or  read  the  library  file,  but  one  of 
the  fortunate  consequences  of  the  system 
design  is  that  there  are  very  few  of  these. 
The  advantage  of  the  modification  to  the 
system  user  is  obvious;  whereas  previ- 
ously he  was  obliged  to  prepare  a  detailed 
list  of  logical  records  to  be  searched — a 
list  valid,  incidentally,  only  for  some 
specific  edition  of  the  library  file — he  will 
now  merely  request  coverage  of  as  many 
areas  as  he  chooses,  each  specified  by  two 
latitudes  and  two  longitudes. 

Other  major  improvements  include 
elimination  of  all  duplicate  analyses,  re- 
moval from  the  file  of  all  unpublished 
material,  correction  of  numerous  tran- 
scription errors  that  had  previously  es- 
caped detection,  and  elimination  of  all 
analyses  with  totals  outside  the  range 
98.5-101.5.  The  need  for  much  of  this 
editing  was  revealed  by  the  interlibrary 
comparisons  described  in  a  later  section, 
in  the  course  of  which  it  became  ap- 
parent that  the  data  file  contained  about 
300  duplicate  analyses  and  a  rather  con- 
siderable number  of  gross  copying  blun- 
ders, the  latter  often  involving  registration 
errors  in  card  punching,  so  that  values 
for  certain  oxides  were  either  high  or  low 
by  an  order  of  magnitude.  In  large 
enough  samples  the  effect  of  errors  of  this 
last  type  on  mean  values  is  usually 
slight,  but  their  influence  on  calculations 
involving  second  or  higher  moments  can 
be  disastrous  even  in  large  samples,  and 
most  data  reductions  involve  such  calcu- 
lations. Restrictions  on  analytical  totals 
proved  an  effective  means  of  detecting 


gross  transcription  errors  not  caught  by 
inspection,  and  the  resulting  inescapable 
check  of  source  references  indicated  that 
even  in  the  absence  of  transcription  errors 
there  was  often  other  reason  to  suspect 
the  quality  of  analyses  characterized  by 
unusually  high  or  low  totals.  Since  the 
file  is  devoted  to  analyses  "complete" 
with  regard  to  essential  constituents,  it 
does  not  seem  unreasonable  to  place 
fairly  strict  constraints  on  the  analytical 
total.  About  200  analyses  were  discarded 
because  of  the  decision  to  do  so ;  elimina- 
tion of  these  and  of  the  duplicates  al- 
ready mentioned  led  to  a  temporary 
reduction  of  the  size  of  the  file  despite  the 
insertion  of  considerable  new  material  in 
the  same  editing  operation. 

Systematic  checking  procedures  have 
now  been  adopted  so  that  neither  dupli- 
cate nor  highly  aberrant  analyses  will  be 
added  to  the  library  in  future  editings. 
At  the  present  writing  the  update  card 
file  contains  530  analyses,  and  by  the 
time  this  report  is  published  the  data 
library  will  contain  at  least  10,900  analy- 
ses. Persistent  searching  of  the  older 
literature  has  been  abandoned,  but  a 
fairly  systematic  check  of  current  pub- 
lications via  abstract  journals,  chiefly 
Geotitles  Weekly,  Mineralogical  Ab- 
stracts, the  GSA  Bibliography  and  Index 
of  Geology,  and  Chemical  Abstracts  is 
being  maintained.  Readers  and  system 
users  will  confer  a  favor  by  informing 
us  of  published  material,  new  or  old,  con- 
taining analyses  not  included  in  the  cur- 
rent file.  (The  User's  Manual,  available 
on  request,  contains  a  table  of  contents 
of  the  data  section  of  the  file.) 

Extension  of  the  Program  Repertoire 
of  RKNFSYS 

F.  Chayes 

At  the  close  of  the  last  report  year  a 
program  that  generates  and  updates  the 
library  file  was  in  routine  operation,  as 
were  those  that  read  the  library  and 
either  retrieve  bibliographies  or  generate 
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norms.  It  was  already  clear  that  suf- 
ficiently selective  reading  of  the  library 
file  would  be  a  slow  and  fussy  business, 
and  it  had  been  decided  to  restrict  this 
function  to  a  single  program  that  would 
also  prepare  a  "problem  file"  containing 
all  the  requested  information  from  analy- 
ses that  satisfied  the  selection  criteria.  A 
preliminary  version  of  this  program  was 
performing  in  fairly  satisfactory  fashion, 
and  there  was  also  one  program  that  read 
and  processed  data  contained  in  the  prob- 
lem file.  This  latter  program,  UVSPST, 
compiled  univariate  sample  statistics.  It 
was  the  only  functioning  reduction  pro- 
gram in  a  system  whose  principal  objec- 
tive was,  and  continues  to  be,  reduction 
rather  than  retrieval. 

During  the  current  year  several  reduc- 
tion programs,  all  of  which  obtain  data 
from  problem  files  rather  than  the  sys- 
tem library  file,  have  been  added  to  the 
system  repertoire.  Binary  sample  fre- 
quency distributions,  sample  frequency 
distributions  of  ternary  ratios,  discrimi- 
nant functions,  and  principal  component 
analysis  can  now  be  obtained  in  routine 
system  output,  though  the  programs 
yielding  the  last  two  forms  of  reduction 
are  still  rather  preliminary.  Further  im- 
provement and  expansion  of  the  program 
repertoire  will  be  a  major  activity  in  the 
coming  year. 

From  the  outset,  emphasis  has  been  on 
reduction  rather  than  retrieval,  and  there 
seems  no  sound  reason  for  reversing  this 
priority.  If  the  only — or  even  the  major 
— objective  of  a  petrographic  information 
system  were  merely  to  facilitate  the 
storage  and  circulation  or  accessing  of 
vast  amounts  of  raw  data,  it  probably 
would  not  be  worth  having.  What  is  of 
scientific  importance  in  this  kind  of  work 
is  not  the  care  and  storage  of  information 
but  its  use.  There  is  nevertheless  a  con- 
tinuing and  reasonable  professional  de- 
mand for  retrieval,  a  demand  for  whose 
satisfaction  the  system  has  so  far  made 
no  provision.  A  program  recently  put 
into   service  provides   a  listing  of  data 


contained  in  specified  records  of  a  prob- 
lem file.  Each  analysis  will  be  identified 
by  rock  name  (Troeger  number)  and 
position  (record  and  item  numbers)  in 
the  library  data  file;  up  to  eleven -vari- 
ables may  be  printed  from  each  of  the 
analyses  included  in  any  service  request. 
The  variables  may  be  any  system  param- 
eters or  linear  combinations  present  in 
the  problem  file.  (Like  the  system  reduc- 
tion programs,  this  retrieval  routine 
reads  data  only  from  a  problem  file;  it 
cannot  read  the  system  library  file 
directly.) 

The  Number  of  Published  Analyses 
of  Igneous  Rocks 

F.  Chayes  and  R.  W.  LeMaitre 

More  than  a  half  century  has  elapsed 
since  anyone  has  had  the  courage  to  at- 
tempt a  reasonably  complete  tabulation 
of  published  chemical  analyses  of  igne- 
ous rocks.  This  hiatus  has  generated — 
perhaps  it  would  be  more  accurate  to 
say  rather  that  it  has  left  unrelieved — 
much  ignorance  concerning  what  is 
known  about  the  composition  of  these 
rocks.  One  of  the  unknowns,  in  fact,  is 
how  much  information  of  this  kind  has 
actually  been  published,  a  datum  of  ob- 
vious importance  to  those  concerned  with 
the  construction  of  geochemical  data 
bases. 

The  best  and  most  nearly  complete 
collection  of  analyses  of  igneous  rocks  is 
still  that  prepared  by  H.  S.  Washington 
of  this  Laboratory,  published  in  1917  as 
Professional  Paper  99  of  the  U.  S.  Geo- 
logical Survey.  Washington's  Tables 
contain  something  over  7600  of  what  he 
termed  "superior"  analyses  of  igneous 
rocks  of  all  kinds  and  ages.  At  the  time 
of  the  work  reported  here,  LeMaitre  had 
a  file  of  16,050  analyses  of  igneous  rocks 
of  all  kinds  and  ages,  and  the  RKNFSYS 
file  contained  10,494  published  analyses 
of  Cenozoic  volcanic  rocks  alone.  Con- 
struction of  these  files,  though  extending 
over  several   years,   has  only   intermit- 
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tently  been  a  major  activity;  clearly 
there  must  now  be  several  times  as  many 
analyses  in  print  as  there  were  in  1913, 
the  closing  date  of  Washington's  com- 
pilation. Comparison  of  the  files,  referred 
to  below  as  the  L  and  C  files,  for  the  first 
time  provides  some  basis  for  estimating 
the  size  of  the  multiple  (Chayes  and 
LeMaitre,  1972). 

In  addition  to  its  restricted  coverage 
the  C  file  includes  only  what  petrologists 
usually  consider  "complete"  analyses — 
i.e.,  those  in  which  the  analyst  reports 
values  for  Si02,  A1203,  Fe203,  FeO,  MgO, 
CaO,  Na20,  K20,  MnO,  Ti02,  P205,  and 
H20 — recorded  in  the  conventional  two- 
decimal  fashion.  Contents  of  the  L  file 
are  not  restricted  by  kind  or  age,  and 
although  most  of  the  analyses  in  it  satisfy 
criteria  set  up  for  the  C  file,  neither 
"completeness"  nor  citation  to  hundredths 
of  a  percent  is  a  condition  for  inclusion. 
If  each  file  were  based  on  an  exhaustive 
literature  search,  file  C  would  be  a  sub- 
set of  file  L. 

Although  there  was  no  collaboration 
of  any  sort  during  the  period  in  which 
the  files  were  built,  the  writers  were  ini- 
tially under  the  impression  that  they 
must  have  used  much  the  same  source 
material,  for  the  subject  is  a  small  one 
and  its  major  periodicals  have  interna- 
tional circulation.  It  was  therefore  an- 
ticipated that  most  of  the  analyses  in  the 
smaller  file  would  also  be  found  in  the 
larger  one. 

In  comparisons  carried  through  by  rock 
type  this  anticipation  proved  quite  un- 


warranted. The  number  of  analyses 
common  to  both  files  is  surprisingly 
small.  The  observed  relation  between 
the  numbers  of  unique  and  common 
analyses  provides  some  basis  for  an  esti- 
mate of  the  amount  of  information  of  this 
kind  now  stored  in  the  periodical,  occa- 
sional, and  reference  literature  of  the 
subject,  for  if  the  literature  searches 
were  suitably  independent  and  random, 
the  probability  that  a  particular  analysis 
would  occur  in  both  files  is  estimated  by 
{Nc/Nv)  (NL/NV) ,  where  Nv  is  the  num- 
ber of  published  analyses  of  volcanic 
rocks,  NL  the  number  of  such  analyses  in 
file  L,  and  Nc  th&  number  of  analyses  in 
file  C.  The  estimated  number  of  com- 
mon analyses  is  then  NGNL/Nr  and  the 
quantity 

Nv  =  NCNL/NB, 

where  NB  is  the  observed  number  of  com- 
mon analyses,  may  be  used  as  an  estimate 
of  the  number  of  published  analyses  of 
volcanic  rocks. 

For  some  of  the  commoner  volcanic 
rocks  Nc,  NL,  and  NB  have  the  values 
shown  in  Table  40.  Since  there  is  no  a 
priori  reason  to  suppose  that  the  number 
of  coincidences  varies  systematically 
with  rock  type,  the  appropriate  estimate 
of  Nv  is  (5566)  (4806) /1549  =  17,269,  if 
the  fact  that  file  L  is  not  confined  to 
Cenozoic  materials  is  ignored.  The  tallies 
in  Table  40  include  only  analyses  of  rocks 
in  whose  source  names  the  principal  noun 
is  either  basalt,  andesite,  phonolite, 
trachyte,  or  rhyolite;  this  excludes  47% 


TABLE  40.   Frequencies  of  Occurrence  of  Some  Common  Rock  Names  in  Files  C  and  L 


Rock  Name 


Nc 


Ni 


Nt 


Basalt 

Andesite 

Trachyte 

Rhyolite 

Phonolite 


All  volcanic  and  hypabyssal  rocks 


2328 

1970 

617 

2197 

1746 

642 

359 

388 

138 

430 

469 

67 

252 

233 

85 

5566 

4806 

1549 

3,494 

7918 
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of  the  C  file  and  39%  of  the  volcanic  por- 
tion of  the  L  file.  Extending  the  estimate 
of  Nv  to  cover  volcanic  and  hypabyssal 
rocks  regardless  of  source  names,  Ny  — 
(7918/4806)17,269  =  28,451  as  esti- 
mated from  the  L  file  or  (10,494/5566) 
17,269  =  32,559  as  estimated  from  the  C 
file.  Using  the  average  of  these  values, 
30,505,  and  assuming,  further,  that  extent 
of  literature  coverage  does  not  vary  sys- 
tematically with  rock  name  or  rock  type 
in  file  L,  the  number  of  published  analy- 
ses of  igneous  rocks  of  all  kinds  may  be 
estimated  as  (16,050/7918)30,505  = 
61,834.  This  is  probably  a  considerable 
underestimate,  for  the  reason  that  al- 
though prior  to  the  comparison  there  was 
no  collaboration  in  preparation  of  the 
files,  each  drew  heavily  from  certain  sec- 
ondary sources.  Thus,  although  the  L 
file  contains  Washington's  Tables  and  the 
C  file  does  not,  both  files  include  Ono's 
tabulation  of  analyses  of  Japanese  Ceno- 
zoic  volcanic  rocks,  and  this  alone  would 
account  for  more  than  a  thousand  com- 
mon entries. 

On  the  other  hand,  that  there  had  been 
no  collaboration  prior  to  the  file  com- 
parison does  not  assure  either  the  ran- 
domness of  the  literature  searches  or  the 
homogeneity  of  the  population  searched. 
If,  for  instance,  one  search  were  confined 
to  English  publications,  the  other  to 
French,  and  analyses  were  drawn  only 
from  original  sources,  there  would  be  no 
common  analyses  even  if  both  searches 
were  exhaustive.  The  L  file  actually 
draws  much  more  heavily  from  English 
language  publications  than  the  C  file,  but 
the  resulting  bias  toward  an  overestimate 
of  Nv  must  be  more  than  counterbalanced 
by  the  fact  that  coverage  of  the  Slavic 
and  Asian  language  pub! ;  cations  is  very 
weak  in  both  files,  and  even  the  English 
language  coverage  is  far  from  exhaustive 
in  either.  A  compilation  that  did  for 
recent  and  middle-aged  petrography  what 
Professional  Paper  99  did  for  the  petrol- 
ogy of  the  pre-World  War  I  period  prob- 
ably would  contain  more  than  eight,  and 


possibly  more  than  ten  times  as  many 
analyses. 

Effect  of  Variance  Differences  on 

Graphical  Appraisal  of  the  Strength 

of  Linear  Correlation 

F.  Chayes 

Harker  and  similar  variation  diagrams 
are  still  rarely  subjected  to  numerical 
analysis,  most  petrologists  being  satis- 
fied with  evaluations  based  on  inspection. 
Even  with  patterns  as  simple  as  this, 
however,  it  is  difficult  to  establish  a  work- 
ing relation  between  generalizations 
reached  from  conventional  inspection 
techniques  and  those  justified  by  syste- 
matic calculation. 

In  the  practical  situation,  even  though 
Si02  is  usually  plotted  in  the  position 
conventionally  reserved  for  the  independ- 
ent variable,  there  is  in  fact  no  independ- 
ent variable  and  no  reason  for  preferring 
either  regression  line  to  the  other.  It  is 
thus  worth  inquiring  whether  there  might 
be  some  relation  between  the  "strength" 
of  a  "trend"  as  estimated  by  inspection 
and  by  the  angle  between  the  regression 
lines.  Except  when  the  variances  of  the 
variables  in  question  are  closely  com- 
parable in  size,  however,  the  angle  be- 
tween the  regression  lines  is  not  itself  a 
reliable  indicator  of  the  numerical 
strength  of  an  association.  As  the  dif- 
ference between  the  variances  increases, 
the  angle  between  the  sample  regression 
lines  decreases,  the  actual  linear  correla- 
tion remaining  unchanged. 

Specifically,  the  angle  between  the 
sample  regression  lines  may  be  put  in 
the  form 


tan  8 


(    gigj     \  / 1  —  nf  \ 

\si2  +  Sj2/   \      r{j       ) 


(1) 


where  st  and  Sj  are  the  sample  standard 
deviations  of  the  variables  and  r{i  is 
their  sample  correlation  (see,  for  instance, 
Chayes,  1971,  p.  68,  problem  7.11).  This 
is  readily  restated  as 
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where  k  =  Si/s,,  so  that,  for  any  r, 
Lim  6  —  0. 

fc_>  o. 

In  some  basalt-andesite-rhyolite  asso- 
ciations of  the  western  United  States,  for 
instance  (specifically,  Chayes,  1964, 
Tables  1  and  2,  suites  numbered  7, 13,  17, 
19,  and  21),  the  average  k  for  K20  and 
Si02  is  considerably  less  than  half  that 
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for  CaO  and  Si02.  Thus,  for  a  given  \r\, 
the  tangent  of  the  angle  between  the  re- 
gression lines  for  the  pair  K20-Si02 
would  be  less  than  half  as  large  as  that 
between  those  for  the  pair  CaO-Si02.  The 
apparent  unsystematic  scatter  of  points 
in  the  two  diagrams  would  be  similarly 
related.  Even  a  rather  careful  visual  ap- 
praisal might  then  suggest  that  the  K20- 
Si02  "trend"  was  much  stronger  than  the 
CaO-Si02  "trend,"  although  the  relative 
residual  dispersion  was  identical  for  the 
two  relations. 


PHYSICAL    AND     EXPERIMENTAL    MINERALOGY 


Neutron  Diffraction  Studies: 
Andalusite  and  Sillimanite 

L.  W.  Finger  and  E.  Prince* 

The  crystal  structures  of  andalusite 
(Burnham  and  Buerger,  1961)  and  silli- 
manite (Burnham,  1963)  have  recently 
been  refined  from  X-ray  diffraction  data. 
Although  the  X-ray  results  describe  the 
details  of  the  coordination  of  the  atoms 
and  yield  precise  positional  parameters 
for  the  cations,  the  relatively  small  num- 
ber of  electrons  and  the  large  ionic  radius 
of  oxygen  lead  to  errors  in  the  oxygen 
coordinates  that  are  approximately  twice 
the  values  for  the  cations.  As  a  result, 
there  are  large  errors  in  the  calculation  of 
the  electric-field  gradients  at  the  nuclei 
(Raymond,  this  report) .  Because  crystals 

*  National  Bureau  of  Standards,  Washington, 
D.C. 


of  suitable  volume  (~  10  mm3)  were 
available,  neutron  diffraction  studies  were 
undertaken  to  obtain  improved  atomic 
coordinates  for  the  oxygen  atoms,  which 
have  scattering  factors  larger  than  the 
values  for  silicon  or  aluminum. 

Crystals  of  andalusite  from  Minas 
Gerais,  Brazil,  and  sillimanite  from 
Brandywine  Springs,  Delaware,  were 
supplied  by  S.  S.  Hafner,  University  of 
Chicago.  Chemical  compositions  of  small 
fragments  of  these  crystals  were  meas- 
ured using  the  automated  electron  micro- 
probe  (Finger  and  Hadidiacos,  Year 
Book  70,  269-275,  and  this  report) ,  and 
the  results  are  presented  in  Table  41.  The 
crystals  were  essentially  Al2Si05,  with 
iron  the  only  impurity  present  in  amounts 
large  enough  to  be  detected.  It  was  as- 
sumed to  be  in  the  ferric  state. 

Neutron  diffraction  intensities  were 
collected  on  a  computer-controlled,  four- 


TABLE  41.   Microprobe  Analyses  of  Andalusite  and  Sillimanite 


Andalusite 

Sillimanite 

wt% 

Cations/5  oxygens 

wt% 

Cations/5  oxygens 

Si02 

A1203 

Fe203* 

36.9 
62.4 
0.30 

1.00 
1.99 
0.01 

36.4 
61.3 
1.30 

1.00 

1.98 
0.03 

Totalsj 

99.6 

99.0 

*  Total  Fe  as  Fe203. 

t  MgO,  TiO-2,  MnO,  CaO  <  0.05. 
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Parameter 

Andalusite 

Sillimanite 

All  Data 

Number 

378 

372 

R* 

0.029 

0.044 

Weighted  flf 

0.026 
Data  with  /  >  3  a/ 

0.046 

Number 

372 

365 

R 

0.027 

0.042 

Weighted  R 

0.026 

0.045 

*R  =  2||F„|  -  \FC\\/^\F0\ 
t  Weighted  R  =  {2W(\F„\ 


circle  diffractometer  (Alperin  and  Prince, 
1970)  at  the  National  Bureau  of  Stand- 
ards, using  a  monochromatic  neutron 
beam  (A  =  1.232  A).  The  resulting  in- 
tensities were  not  corrected  for  absorp- 
tion, owing  to  the  extremely  small  linear 
absorption  coefficient  (/*  c±  0.005  cm-1). 
Two  symmetry  related  sets  of  data  were 
collected  and  compared.   The  agreement 


\Fc\)2/^WFo2y/2. 

between  equivalent  reflections  for  anda- 
lusite was  extremely  good  (*=«  1%  dis- 
agreement) ,  but  the  equivalent  value  for 
sillimanite  was  approximately  5%.  At 
this  stage  the  data  for  andalusite  were 
averaged,  but  the  sillimanite  results  were 
kept  separate  for  reasons  discussed  below. 
Least-squares  refinement  of  the  anda- 
lusite data  was  accomplished  with  the 


TABLE  43.    Andalusite  Atomic  Coordinates 


X-Ray  Value,  A, 

Atom, 

Neutron  Value,  A, 

Burnham  and 

A(iV  -  X)t 

Coordinate 

This  Study 

Buerger  (1961) 

0o,  X 

0.4235(2)* 

0.4232(6) 

0.0003 

y 

0.3632(2) 

0.3627(7) 

0.0005 

z 

1/2 

1/2 

Ob)  x 

0.4244(2) 

0.4240(6) 

0.0004 

y 

0.3626(2) 

0.3629(7) 

-0.0003 

z 

0 

0 

Oc,  x 

0.1027(2) 

0.1038(7) 

-0.0011 

y 

0.4001(2) 

0.4013(6) 

-0.0012 

z 

0 

0 

Od,  x 

0.2305(1) 

0.2303(4) 

0.0002 

y 

0.1340(1) 

0.1343(5) 

-0.0003 

z 

0.2394(2) 

0.2390(5) 

0.0005 

Si,  x 

0.2463(3) 

0.2462(3) 

0.0001 

y 

0.2520(2) 

0.2529(3) 

-0.0009 

z 

0 

0 

Ah,  x 

0 

0 

y 

0 

0 

z 

0.2418(4) 

0.2422(4) 

-0.0004 

AU,  x 

0.3706(3) 

0.3708(3) 

-0.0002 

y 

0.1385(3) 

0.1387(3) 

-0.0002 

z 

1/2 

1/2 

*  The  estimated  standard  deviation  of  the  final  digit  is  given  in  parentheses, 
t  Difference  between  neutron  value  and  X-ray  value. 
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TABLE  44.   Andalusite  Interatomic  Distances 


X-Ray  Value,  A, 

Neutron  Value,  A, 

Burnham  and 

A(iV  -  X) 

This  Study 

Buerger  (1961) 

Si  tetrahedron 

Si-06 

1.635(2)* 

1.635(5) 

0.000 

Si-Oc 

1.609(2) 

1.615(6) 

-0.006 

Si-Od(2x) 

1.623(1) 

1.631(4) 

-0.008 

Mean  Si-0 

1.623 

1.628 

-0.005 

o6-oc 

2.525(2) 

2.514(7) 

+0.011 

06-Od(2x) 

2.690(2) 

2.704  (5)  f 

-0.006 

Oc-Od(2x) 

2.659(1) 

2.681(6) 

-0.022 

od-od 

2.663(2) 

2.658(4) 

0.005 

Mean  0-0 

2.648 

2.657 

-0.009 

Al  octahedron 

Ali-0„(2x) 

1.817(2) 

1.829(4) 

-0.012 

Ali-Ofc(2x) 

1.885(2) 

1.892(4) 

-0.007 

Al,-Orf(2x) 

2.079(1) 

2.085(3) 

-0.006 

Mean  Ali-0 

1.927 

1.935 

-0.008 

0a-0a 

2.445(3) 

2.476(7) 

-0.031 

0o-06(2x) 

2.780(1) 

2.780(1) 

0.000 

Oa-Od(2x) 

2.770(2) 

2.793(6) 

-0.023 

Oa-Od(2x) 

2.739(2) 

2.7381 

0.001 

06-Od(2:r) 

2.835(2) 

2.854 

-0.019 

06-Od(2:r) 

2.791(2) 

2.794(6) 

-0.003 

06-06 

2.445(3) 

2.469(7) 

-0.024 

Mean  0-0 

2.727 

2.739 

-0.012 

Five-coordinated  aluminum 

Al2-Oa 

1.800(3) 

1.816(6) 

-0.016 

A12-0C 

1.871(3) 

1.886(6) 

-0.015 

A12-0C 

1.833(3) 

1.843(5) 

-0.010 

Al2-Od(2x) 

1.814(2) 

1.818(3) 

-0.004 

Mean  Al2-0 

1.826 

1.836 

-0.010 

0„-0c 

2.483(2) 

2.515(7) 

-0.032 

0o-0d(2x) 

2.748(1) 

2.761(5) 

-0.013 

oc-oc 

2.233(3) 

2.247(7) 

-0.014 

0c-0d(2z) 

2.668(2) 

2.677(5) 

-0.009 

0c-0d(2x) 

3.253(2) 

3.265 

-0.012 

od-od 

2.896(2) 

2.901(4) 

-0.005 

Mean  0-0 

2.772 

2.785 

-0.013 

*  The  estimated  standard  deviation  of  the  final  digit  is  given  in  parentheses. 
t  This  value  is  given  in  the  original  paper  as  2.794. 

%  Values  quoted  without  errors  were  not  published  in  the  original  but  have  been  calculated  by 
the  present  authors. 


least-squares  program  RFINE  (available 
upon  request)  starting  with  the  param- 
eters of  Burnham  and  Buerger  (1961). 
The  atomic  positions,  anisotropic  thermal 
parameters,  scale  factor,  and  isotropic 
extinction  factor  of  Zachariasen  (1968) 
were  refined,  and  the  structure  quickly 
converged  to  the  residuals  shown  in  Table 
42.  A  comparison  of  the  atomic  positions 
from  this  study  with  the  result  from  the 


X-ray  refinement  is  given  in  Table  43. 
The  differences  between  the  two  sets  of 
data  are  within  1  standard  deviation  of 
the  X-ray  results  except  for  the  y  coordi- 
nate of  Si  and  the  x  and  y  coordinates  of 
Oc;  many  of  the  differences  are  signifi- 
cant, however,  when  compared  with  the 
standard  deviations  for  the  neutron  data. 
The  interatomic  distances  from  the  two 
experiments,  compared  in  Table  44,  ex- 
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TABLE  45.   Sillimanite  Atomic  Coordinates 


Atom, 

Neutron  Value,  A, 

0 
X-Ray  Value,  A, 

Coordinate 

This  Study 

Burnham  (1963) 

A(2V  -  X) 

0o,  X 

0.3600(2)* 

0.3599(6) 

0.0001 

V 

0.4085(2) 

0.4078(6) 

0.0007 

z 

3/4 

3/4 

- 

Ob,  x 

0.3561(2) 

0.3576(6) 

-0.0015 

y 

0.4339(2) 

0.4352(6) 

-0.0013 

z 

1/4 

1/4 

Oc,  x 

0.4762(3) 

0.4753(7) 

0.0009 

y 

0.0015(3) 

0.0008(7) 

0.0007 

z 

3/4 

3/4 

Od,  x 

0.1256(2) 

0.1248(4) 

0.0008 

y 

0.2233(2) 

0.2237(4) 

-0.0004 

z 

0.5145(2) 

0.5164(6) 

-0.0019 

Si,  x 

0.1535(3) 

0.1535(3) 

0.0000 

y 

0.3401(3) 

0.3404(3) 

-0.0003 

z 

3/4 

3/4 

All,  x 

0 

0 

y 

0 

0 

z 

0 

0 

Al2,  X 

0.1416(4) 

0.1419(3) 

-0.0003 

y 

0.3444(4) 

0.3447(3) 

-0.0003 

z 

1/4 

1/4 

*  The  estimated  standard  deviation  of  the  final  digit  is  given  in  parentheses. 


hibit  a  surprising  pattern.  With  the  ex- 
ception of  the  06-Oc  and  Od-Od  distances 
in  the  Si  tetrahedron,  all  differences  with 
magnitudes  greater  than  1  standard  devi- 
ation are  negative,  suggesting  a  system- 
atic difference  between  the  position  of  the 
nucleus  and  the  center  of  gravity  of  the 
electron  distribution,  presumably  caused 
by  effects  related  to  the  bonding.  The  re- 
sults of  a  charge-distribution  refinement 
(Coppens,  Willoughby,  and  Csonka,  1971 ; 
Coppens,  Cooper,  and  Larsen,  1972)  from 
an  extended  set  of  X-ray  intensities 
should  help  explain  these  data. 

Slightly  different  refinement  procedures 
were  used  for  sillimanite.  The  fibrous 
habit  of  this  mineral  led  to  a  relatively 
large  mosaic  spread  of  the  crystal  around 
the  c  axis,  presumably  contributing  to  the 
disagreement  between  symmetry  equiva- 
lent reflections.  With  the  degree  of  crys- 
tal perfection  highly  variable,  the  direc- 
tion of  ray  propagation  will  strongly 
affect  the  secondary  extinction  and  re- 
quire an  anisotropic  extinction  correction 
(Coppens   and  Hamilton,   1970).    After 


preliminary  convergence  of  the  structure 
from  the  parameters  of  Burnham  (1963) , 
the  refinement  of  a  nonspherical  extinc- 
tion correction  was  attempted.  Although 
this  effect  should  be  important  for  crys- 
tals of  this  nature,  it  could  not  satisfac- 
torily explain  the  details  of  this  set  of 
data;  therefore,  the  symmetry-related 
structure  factors  were  averaged,  and  the 
scale  factor,  isotropic  extinction  param- 
eter, atomic  positions,  and  anisotropic 
temperature  factors  were  refined  to  con- 
vergence. The  resulting  residuals  are 
listed  in  Table  42. 

The  atomic  coordinates  for  sillimanite 
are  listed  in  Table  45  and  compared  with 
the  results  of  Burnham  (1963).  The  dif- 
ferences are  generally  larger  than  those 
found  for  andalusite  but  are  still  small. 
The  interatomic  distances  are  compared 
in  Table  46.  For  this  structure,  the 
deviations  are  more  random  than  for 
andalusite,  except  for  the  cations  in  tetra- 
hedral  coordination.  The  silicon  tetrahe- 
dron is  systematically  larger  for  the  neu- 
tron     results,      and      the      aluminum 
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TABLE  46.    Sillimanite  Interatomic  Distances 


Neutron  Value,  A, 

X-Ray  Value,  A, 

This  Study 

Burnham  (1963) 

A(N  -  X) 

Si  tetrahedron 

Si-0o 

1.632(3) 

1.629(7) 

0.003 

Si-Oc 

1.574(3) 

1.564(6) 

0.010 

Si-Od(2z) 

1.641(2) 

1.633(4) 

0.008 

Mean  Si-0 

1.622 

1.615 

0.007 

Oa-Oc 

2.616(3) 

2.608(7) 

0.008 

Oa-Od(2x) 

2.636(2) 

2.628(5) 

0.008 

Oc-Od(2x) 

2.643(2) 

2.627(6) 

0.016 

od-od 

2.718(3) 

2.696(7) 

0.022 

Mean  0-0 

2.649 

2.636 

0.013 

Al  tetrahedron 

Al2-06 

1.747(4) 

1.758(5) 

-0.011 

Al2-Oc 

1.712(4) 

1.721(6) 

-0.009 

Al2-Od(2x) 

1.791(2) 

1.800(4) 

-0.009 

Mean  Al2-0 

1.760 

1.770 

-0.010 

06-Oc 

2.887(3) 

2.903(7) 

-0.016 

06-Od(2z) 

2.814(2) 

2.834(5) 

-0.020 

Oc-Od(2z) 

2.835(2) 

2.843(6) 

-0.008 

Od-Od 

3.052(3) 

3.074(7) 

-0.022 

Mean  0-0 

2.873 

2.888 

-0.015 

Al  octahedron 

Ali-0„(2x) 

1.916(1) 

1.919(3) 

-0.003 

Ali-0t(2x) 

1.870(1) 

1.861(3) 

0.009 

Al!-Od(2x) 

1.956(1) 

1.957(3) 

-0.001 

Mean  Ali-0 

1.914 

1.912 

0.002 

Oa-Ofc(2x) 

2.892(1) 

2.893(1) 

-0.001 

0o-06(2:c) 

2.445(3) 

2.434(6) 

0.011 

0a-0d(2x) 

2.774(2) 

2.776(5) 

-0.002 

0a-0d(2x) 

2.702(2) 

2.705(5) 

-0.003 

06-Od(2x) 

2.698(2) 

2.698(5) 

0.000 

06-Od(2x) 

2.715(2) 

2.703(5) 

0.012 

Mean  0-0 

2.704 

2.702 

0.002 

tetrahedron  is  smaller.  Si-Al  disorder 
such  as  predicted  by  Greenwood  (1972) 
would  explain  these  results. 

The  differences  in  the  neutron  scatter- 
ing factors  for  aluminum  (0.345  X  10~14 
m),  silicon  (0.415  X  10~14  m),  and  iron 
(0.951  X  10"14  m)  are  large  enough  for 
the  use  of  least-squares  methods  to  de- 
termine the  cation  occupancies.  Brown 
et  al.  (1971)  applied  this  technique  to 
the  Si-Al  distributions  in  sanidine.  In 
sillimanite,  all  Fe3+  was  assigned  to  the 
octahedral  aluminum  position  (All),  and 
the  Si-Al  occupancy  parameters  of  the 
tetrahedra  were  varied  with  the  chemical 
composition  constrained.  The  refined 
occupancy  parameter  for  silicon  in  the 
smaller  tetrahedron  became  greater  than 
unity  (1.10  ±  0.06).   It  is  believed  that 


this  impossible  result  is  caused  by  sys- 
tematic errors  in  the  diffraction  data,  due 
to  the  fibrous  habit  of  sillimanite. 

The  results  of  this  preliminary  study 
have  shown  systematic  differences  be- 
tween interatomic  distances  calculated 
from  the  X-ray  and  neutron  data.  These 
effects  should  be  better  understood  after 
a  charge-distribution  refinement  has  been 
performed. 

Electric-Field   Gradients   and   the 
polarizability  of  the  oxygen  ion 

in  Silicates 

Michael  Raymond 

The  electric-field  gradients  at  the 
aluminum  sites  in  sillimanite  and  anda- 
lusite    have    been     recalculated,    using 
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atomic  coordinates  derived  from  recent, 
precise  neutron  diffraction  experiments 
(Finger  and  Prince,  elsewhere  in  this  re- 
port). The  sillimanite  results  differ  sig- 
nificantly from  earlier  calculations  (Ray- 
mond, 1971),  and  some  of  the  conclusions 
of  the  older  calculations  are  contradicted. 
Electric-field  gradients  (EFG's)  in  crys- 
tals are  directly  related  to  the  polariza- 
bilities  of  the  atoms  or  ions  in  the  crystal, 
and  the  oxygen  ion  polarizability  par- 
ticularly influences  the  results  of  EFG 
calculations  in  silicates.  The  results  of 
EFG  calculations  and  the  role  of  the 
oxygen  ion  polarizability  in  albite,  micro- 
cline,  kyanite,  and  spodumene,  in  addi- 
tion to  sillimanite  and  andalusite,  are 
discussed  in  this  paper. 

Electric-field  gradients  are  calculated 
in  order  to  test  models  of  the  electronic 
charge  distributions  in  crystals.  EFG's 
can  be  measured  accurately  by  nuclear 
quadrupole  resonance,  and  the  agreement 
between  experimental  and  calculated 
EFG's  is  a  measure  of  the  validity  of  the 
model.  The  agreement  can  be  specified 
numerically  by  the  disagreement  index 


R^xiv^-v^l/^Vij0 


(i) 


In  the  six  crystals  considered  here,  there 
is  a  total  of  47  independent  EFG  com- 
ponents, Vij. 

The  method  of  EFG  calculation  has 
been  discussed  by  Raymond  (1971).  An 
ionic  model  of  the  electronic  charge  dis- 
tribution is  used  to  calculate  electric-field 
gradients  at  the  atomic  sites.  The  results 
of  these  calculations  depend  upon  the 
atomic  coordinates,  the  polarizabilities  of 
the  ions,  and  the  charges  on  the  ions.  In 
the  extreme  ionic  limit,  the  charges  on  the 
ions  are  determined  by  formal  valence 
theory,  which  predicts  charges  of  +3e, 
+4e,  and  — 2e  for  Al,  Si,  and  0,  respec- 
tively. 

The  differences  in  atomic  coordinates 
found  by  X  ray  (Burnham  and  Buerger, 
1961;  Burnham,  1963)  and  neutron  dif- 
fraction methods  are  not  large  (^0.015 


A)  for  either  sillimanite  or  andalusite. 
For  andalusite  the  EFG  values  from  the 
neutron  data  differ  from  those  from  the 
X-ray  data  by  about  10%  for  most  rea- 
sonable values  of  the  oxygen  ion  polariza- 
bility. The  agreement  between  calculated 
and  experimental  EFG's  is  approximately 
the  same  for  both  sets  of.  andalusite  co- 
ordinates. The  smallest  R  for  andalusite 
from  the  X-ray  data  is  10% ;  the  neutron 
parameters  do  not  improve  the  fit.  For 
sillimanite  the  neutron  data  coordinates 
give  EFG's  that  fit  the  measured  values 
better  than  the  EFG  values  from  the 
X-ray  data.  The  smallest  R  obtained 
using  X-ray  coordinates  was  19% ;  using 
neutron  coordinates,  the  smallest  R  is 
8%.  The  change  in  R  index,  effected  by 
small  changes  in  the  atomic  coordinates, 
demonstrates  the  sensitivity  of  the  elec- 
tric-field gradients  to  the  atomic  coordi- 
nates used  in  calculating  them.  A  com- 
parison of  sillimanite  and  andalusite 
EFG's,  using  the  neutron  and  X-ray 
structure  parameters,  for  a  specific  set  of 
oxygen  ion  polarizabilities  is  given  in 
Table  47. 

Disagreement  indices  for  six  silicates 
are  shown  in  Table  48.  They  are  rather 
low  on  the  whole  and  indicate  a  high  de- 
gree of  ionic  character  for  the  bonding  of 
these  crystals  if  the  polarizabilities  and 
7oo  are,  in  fact,  correct. 

The  Sternheimer  factor,  yx  (Stern- 
heimer,  1951;  Foley,  Sternheimer,  and 
Tycko,  1954;  Sternheimer  and  Foley, 
1956) ,  is  a  numerical  factor  relating  the 
calculated  external  field  gradient  to  the 
measured  EFG  at  the  nuclear  site: 

Virc=(l-yJVirt.  (2) 

Theoretical  values  of  yx  for  the  Al3+  ion 
cluster  around  —2.5.  This  value  applies 
to  a  free  Al3+  ion  and  would  be  modified 
by  the  crystalline  environment.  It  is  not 
yet  known  how  much  yn  would  be 
changed  in  a  crystal ;  an  interesting  spec- 
ulation has  been  made  by  Lahiri  and 
Mukherji  (1966a)  on  the  relationship  of 
7a,  to  the  electron  density  distribution. 
The  uncertainty  concerning  the  value  of 
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TABLE  48.   Disagreement  between  Observed  and    Calculated    Electric-Field    Gradients; 
Parameters  Fitted  Individually  for  Each  Crystal 


Crystal 

Polarizability  of  O2 

Yo,(Al3+) 

Disagreement  Index,  R,  % 

Dipole,  A3 

Quadrupole,  A5 

Total 

Individual  Sites 

Albite* 

0.45 

0.05 

-5.0 

21 

21 

Andalusitef 

0.45 

0 

-6.3 

10 

6,  19 

Kyanitef 

0.75 

0.10 

-3.8 

18 

16,  57,  16,  6 

Microcline* 

0.40 

0 

-3.3 

17 

17 

Sillimanitef 

0.50 

0.05 

-5.3 

8 

11,  5 

SpodumeneJ 

0.25 

0.05 

-3.2 

8 

8 

*  M.  Raymond  and  S.  S.  Hafner,  to  be  published. 

t  Raymond,  1971. 

%  Raymond,  Year  Book  70,  p.  227. 


7a>  for  ions  in  crystals  was  demonstrated 
by  Anderson  and  Karra  (1972)  in  an  ex- 
perimental determination  of  the  Stern- 
heimer  factor  of  Li+  by  means  of  acoustic 
nuclear  magnetic  resonance.  They  found  a 
value  |1  —  yx\  =  3.4,  with  an  error  of 
13%.  Theoretical  calculations  by  several 
authors  (Sternheimer,  1959;  Das  and 
Bersohn,  1956;  Lahiri  and  Mukherji, 
19666;  Langhoff  and  Hurst,  1965)  gave 
1  _  yx  =  0.75. 

Theoretical  calculations  of  the  oxygen- 
ion  dipole  and  quadrupole  polarizability 
have  been  performed.  For  the  dipole 
polarizability,  the  calculated  values  range 
from  3  to  134  A3;  the  calculated  quad- 
rupole polarizability  values  are  7  to  1000 
A5  (see  Raymond,  1971,  for  references). 
Because  of  the  instability  of  the  free  O2- 
ion,  these  calculations  are  considered  to 
be  unreliable. 

The  dipole  polarizability  of  the  oxygen 
ion  can  be  related  to  refractive  index 
data.  The  most  widely  accepted  relation- 
ship is  the  nineteenth-century  Clausius- 
Mossotti  local-field  polarizability  model. 
This  model  describes  index-of-refraction 
data  in  terms  of  the  electronic  polariza- 
bility aD  and  the  Lorentz  local-field  fac- 
tor r  (cf.  Tessman,  Kahn,  and  Shockley, 
1953).  In  terms  of  aD  and  r,  the  zero- 
frequency  refractive  index  can  be  ex- 
pressed in  the  form 

n2  -  1  ==  brNtcti/  (1  -  N  T  Oi) .   (3) 


Here  at  and  Tt  are  the  electronic  dipole 
polarizabilities  and  Lorentz  local-field 
factors  for  the  ith  atom  in  each  unit  cell, 
and  N  is  the  volume  density  of  unit  cells. 
For  a  cubic  array  of  isolated  atoms,  T 
equals  4tt/3,  and  equation  3  takes  the 
well-known  Lorentz-Lorenz  form 

aD  =  (3/4wN)  (n2  -  l)/(n2  +  2)     (4) 

where  aD  =  Xoii.  Values  of  ccD  calculated 
by  this  method  for  the  crystals  consid- 
ered here  are  displayed  in  Table  49.  They 
are  larger  than  the  values  in  Table  48  by 
a  factor  of  2  to  3.  The  polarizabilities 
derived  from  index-of-refraction  data 
lead  to  calculated  field  gradients  that  do 
not  fit  the  experimental  data  as  closely 
as  the  polarizabilities  of  Table  47,  which 
represent  a  fit  to  47  experimental  field 
gradients  derived  from  nuclear  quad- 
rupole resonance  data  and  indicate  a 
significantly  smaller  dipole  polarizability 
than  that  calculated  from  the  index  of 
refraction. 

The  Lorentz-Lorenz  equation  assumes 
cubic  symmetry  and  isolated  ions.  Nei- 
ther assumption  is  correct  for  the  crystals 
considered  here.  In  the  covalent  limit, 
extreme  overlap  between  nearest  neighbor 
wave  functions  gives  r  — »  O  (Nozieres 
and  Pines,  1959).  Covalency,  therefore, 
would  tend  to  increase  aD.  The  noncubic 
symmetry  of  these  crystals  would  require 
aD  to  be  a  tensor  rather  than  a  scalar. 
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TABLE  49.  Disagreement  between  Observed  and  Calculated  Electric-Field  Gradients;  Oxygen  Ion 
Dipole  Polarizability  Calculated  by  Clausius-Mossotti  Model 


Crystal 

Polarizability  of  O2 

Tco(Al3+) 

Disagreement  Index,  R,  % 

Dipole,  A3 

Quadrupole,  A5 

Total 

Individual  Sites 

Albite 

0.90 

0.10 

-2.0 

113 

113 

Andalusite 

1.40 

0 

-2.4 

32 

11,  85 

Kyanite 

1.40 

0.10 

-1.8 

25 

18,  60,  34,  10 

Microcline 

0.80 

0.05 

-3.0 

93 

93 

Sillimanite 

1.40 

0.05 

-2.0 

75 

57,  99 

Spodumene 

1.40 

0.05 

-2.0 

83 

83 

However,  the  anisotropy  of  the  refractive 
indices  is  not  large  in  any  of  these  sili- 
cates, and  this  simplification  is  not  ex- 
pected to  account  for  the  discrepancy.  It 
should  be  mentioned  that  the  polariza- 
bility of  the  O2-  ion  is  anomalous  because 
it  varies  greatly  from  crystal  to  crystal, 
sometimes  by  a  factor  of  3  (Tessman, 
Kahn,  and  Shockley,  1953).  This  varia- 
tion correlated  with  the  effective  O2" 
volumes,  with  aD  (02~)  linear  in  V  (02~) 
for  about  two-thirds  of  the  cases  studied. 

Because  the  ionic  model  indicated 
dipole  polarizabilities  of  oxygen  that  were 
difficult  to  reconcile  with  index-of-refrac- 
tion  data,  it  seemed  that  some  modifica- 
tions of  the  pure  ionic  model  were  in 
order.  Point  charges,  of  magnitude 
' — '  O.le,  midway  between  cations  and 
anions,  were  introduced  to  represent  the 
charge  density  in  the  bond.  No  improve- 
ment in  the  R  index  was  effected  by  this 
method. 

There  is  evidence  that  the  charges  on 
the  ions  are  smaller  than  the  full  ionic 
charges  predicted  by  formal  valence 
theory.  For  example,  Pauling's  electro- 
neutrality  principle  states  that  the  frac- 
tional charges  of  all  atoms  in  all  com- 
pounds are  in  the  interval  between  — 1 
and  -4-1  (Pauling,  1960).  Cooper,  Larsen, 
and  Coppens  (1972)  determined  the 
charges  on  the  atoms  in  the  mineral 
kernite  by  X-ray  diffraction,  and  found 
small  charges,  in  agreement  with  Paul- 
ing's principle.  The  nephelauxetic  effect 
(J0rgensen,  1971)  is  that  the  parameters 
of  interelectronic   repulsion   are  smaller 


in  complexes  than  in  the  corresponding 
gaseous  ions.  This  effect  gives  an  indica- 
tion of  the  fractional  charge  of  atoms  of 
formal  valence  -\-2  in  a  number  of  com- 
pounds. In  most  of  these  compounds,  the 
fractional  charge  was  between  +1  and 
+2  (J0rgensen,  1969).  The  charges  on 
the  atoms  in  andalusite  and  sillimanite 
were  reduced  and  the  R  index  was  calcu- 
lated as  before.  As  the  charges  were  re- 
duced, the  polarizability  that  yielded  the 
best  R  increased,  but  the  R  index  itself 
became  larger.  For  example,  using  50% 
of  the  full  ionic  charges,  the  best  value 
of  the  polarizability  was  about  1.5  A3, 
but  the  smallest  R  was  27%  in  andalusite 
and  48%  in  sillimanite. 

Experiments  to  determine  the  electron 
distribution  in  andalusite  are  now  in 
progress.  Utilizing  a  combination  of 
X-ray  and  neutron  diffraction  data,  the 
charge  distribution  may  be  determined 
directly  (Cooper,  Larsen,  and  Coppens, 
1972).  These  experiments  should  lead  to 
a  more  realistic  model  of  the  electron 
distribution  in  silicates,  which  would 
answer  questions  about  the  polarizability 
of  ions  and  the  ionicity  of  silicate  crys- 
tals. 

X-Ray  Photoelectron  Spectroscopy 
Study  of  Sillimanite  (Al2Si05) 

Michael  Raymond  and  D.  Virgo 

X-ray  photoelectron  spectroscopy 
(XPS)  is  a  technique  recently  developed 
by  Siegbahn  et  al.  (1967)  for  measuring 
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the  binding  energy  of  inner  atomic  elec- 
trons. It  is  also  known  as  electron  spec- 
troscopy for  chemical  analysis  (ESCA) . 
X-ray  absorption  and  emission  spectros- 
copy have  been  used  in  this  type  of  in- 
vestigation for  years,  but  conventional 
X-ray  techniques  were  not  sufficiently 
accurate  to  study  effects  such  as  chemical 
shifts  of  the  binding  energies.  In  the  XPS 
technique,  photoelectrons  from  inner 
shells  are  expelled  by  X-ray  radiation  of 
known  energy.  The  kinetic  energy  of 
these  electrons  is  measured  by  a  spec- 
trometer with  great  precision.  The  bind- 
ing energy  of  a  particular  subshell  can 
be  computed  from  the  relationship 

Eb  =  hv  —  cf>  —  TKE, 

where  Eb  is  the  binding  energy  of  the 
ejected  electron,  hv  is  the  energy  of  the 
exciting  photon,  <£  is  the  work  function  of 
the  spectrometer,  and  TKE  is  the  meas- 
ured kinetic  energy  of  the  electron  free 
of  the  sample. 

The  binding  energy  of  inner  atomic 
electrons  is  affected  by  changes  in  the 
valence  shell.  Changes  in  the  binding 
energy  might  result  from  changes  in  the 
oxidation  state  of  an  ion  as  well  as  from 
changes  in  bonding  character  owing  to 
nearest  neighbor  effects.  The  shift  in 
binding  energy  has  been  shown  by  Sieg- 
bahn  et  al.  (1967)  to  be  as  large  as  15  eV 
and  can  be  measured  by  XPS  to  a  pre- 
cision of  ±0.2  eV.  In  order  to  evaluate 
the  application  of  this  technique  to  rock- 
forming  silicates,  the  electron-binding 
energies  of  Si,  Al,  and  0  in  sillimanite 
were    measured    independently    on    two 


commercially  available  spectrometers, 
designated  A  and  B  in  Table  50. 

The  sillimanite  crystal  structure  was 
determined  by  Taylor  (1928).  It  con- 
tains chains  of  aluminum  octahedra 
parallel  to  the  c  axis,  supported  by 
double  chains  of  aluminum^  and  silicon 
tetrahedra,  also  parallel  to  c.  There  are 
four  nonequivalent  oxygen  positions. 
The  atomic  coordinates  were  refined  by 
Burnham  (1963).  The  space  group  is 
orthorhombic  (Pbnm) ,  and  the  unit  cell 
includes  four  formula  units  of  Al2Si05. 
The  distinct  chemical  environment  of  the 
aluminum  and  oxygen  sites  is  expected  to 
cause  shifts  in  atomic  core-electron  bind- 
ing energies. 

In  a  purely  ionic  model,  the  shift  in  the 
binding  energies  has  two  main  causes,  a 
free-ion  shift  and  a  Madelung  correction 
(Siegbahn  et  al.,  1967;  Fadley  et  al, 
1968).  The  free-ion  shift  is  the  change  in 
binding  energy  between  a  free,  neutral 
atom  and  a  free  ion  with  a  certain  charge. 
The  Madelung  correction  is  a  result  of 
differences  in  the  crystal  lattice. 

One  can  only  speculate  about  the  ab- 
solute value  of  the  charges  on  the  ions  in 
the  sillimanite  structure.  If  it  is  assumed 
to  be  fully  ionic  (see  Raymond,  1971, 
and  elsewhere  in  this  report) ,  then  the 
oxygen  atoms  would  have  the  same 
charge,  — 2e,  the  aluminum  atoms  both 
would  have  +3e,  and  the  free-ion  shift 
would  be  the  same  for  all  oxygen  atoms 
and  for  both  aluminum  atoms.  There 
would  therefore  be  no  splitting  of  the 
spectral  lines  from  this  effect.  However, 
the  electrostatic  potential  at  the  atomic 


TABLE  50.    Core  Electron  Binding  Energies  for  Al,  Si,  and  O  in  Sillimanite,  in  eV 


A 

B 

Element 

Eb 

FWHM 

Eb 

FWHM 

Si  2s 

154.3 

~2.0 

Si2p 

102.55 

1.6 

103.0 

~2.0 

A12s 

120.8 

~2.0 

A12p 

74.85 

1.4 

75.7 

~2.0 

0  Is 

531.70 

2.0 

~2.0 
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sites  is  not  the  same  for  all  atoms.  As- 
suming full  ionic  charges,  these  potentials 
were  evaluated  by  summing  over  the  lat- 
tice, using  a  summation  technique  in- 
vented by  P.  P.  Ewald  in  1921  (see 
Ziman,  1969,  p.  39) .  It  was  found  that  a 
volume  of  125  unit  cells,  about  40  A 
diameter,  was  sufficient  for  convergence 
of  the  lattice  sums.  According  to  Sieg- 
bahn  et  al.  (1967),  X-ray  photoelectrons 
are  emitted  in  solids  from  a  surface  layer 
about  100  A  thick.  The  Madelung  cor- 
rections should  thus  apply  as  if  the  transi- 
tions occur  in  the  bulk  of  the  crystal  and 
not  on  the  surface.  As  a  precautionary 
measure,  it  should  be  noted  that  the  effect 
of  surface  distortions  on  the  measured 
binding  energies  cannot  be  fully  evalu- 
ated at  this  time. 

The  difference  in  calculated  electro- 
static potential  energy  between  the  two 
aluminum  sites  is  0.84  eV,  and  the  calcu- 
lated maximum  difference  between  any 
two  oxygen  sites,  Ob  and  Od,  is  2.99  eV. 
However,  the  aluminum  line  is  no  wider 
than  the  silicon  line,  and  the  oxygen  line 
is  only  about  0.5  eV  wider  than  the  silicon 
line  (Table  50) .  There  should  be  no  split- 
ting of  the  silicon  line,  since  there  is  but 
one  distinct  Si  site. 

There  are  several  possible  explanations 
for  the  lack  of  splitting  of  the  measured 
core-electron  binding  energies.  The  free- 
ion  shift  usually  acts  in  the  opposite  di- 
rection from  the  Madelung  shift.  But  in 
order  to  explain  the  experimental  results, 
the  charges  on  the  four  oxygens  would 
have  to  be  just  the  proper  magnitude  for 
one  effect  to  cancel  the  other,  an  event 
that  seems  unlikely.  It  is  more  likely 
that  the  charges  on  the  ions  are  smaller 
than  the  full  ionic  values. 

Yin,  Ghose,  and  Adler  (1971)  meas- 
ured core-electron  energy  splittings  in 
olivine  and  pyroxene.  They  found  no 
splitting  of  the  O  Is  line  in  olivine,  and 
about  1  eV  splitting  for  the  bridging  and 
nonbridging  oxygen  atoms  in  orthopyrox- 
ene.  The  Madelung  shift,  using  full  ionic 
charges,  is  1.3  eV  in  olivine  and  about 


4.8  eV  for  the  oxygen  lines  in  orthopyrox- 
ene  (Raymond,  Year  Book  70,  p.  226). 
These  results  are  in  agreement  with  the 
hypothesis  that  there  is  a  Madelung  shift, 
but  the  charges  on  the  ions  are  much 
smaller  than  the  full  ionic  values. 

The  application  of  the  new  XPS  tech- 
nique has  provided  previously  unknown 
measurements  of  the  electronic  binding 
energies  in  Al2Si05.  The  data  add  further 
support  to  nonionic  models  of  the  chemi- 
cal bond  in  the  aluminosilicates  (Ray- 
mond, 1971) ;  however,  additional  studies 
are  recommended.  The  similarity  of  the 
electronic  structures  of  aluminum  and 
silicon  suggests  that  the  intrinsic  widths 
of  the  Al  2p  and  Si  2p  levels  would  be 
comparable,  and  hence  their  single-com- 
ponent photoelectron  line  widths  should 
also  be  comparable,  supporting  the  above 
conclusions.  However,  the  single-com- 
ponent line  width  of  O  Is  is  much  less 
certain.  It  would  therefore  be  of  interest 
to  compare  these  results  for  oxygen 
against  a  known  single-component  oxy- 
gen line  in  a  distinct  binding  environ- 
ment, e.g.,  corundum.  Furthermore,  com- 
parison of  these  experimental  measure- 
ments with  theoretical  calculations  of  the 
binding  energies  may  lead  to  a  quantifi- 
cation of  the  fractional  atomic  charges. 

Phase  Equilibria  of  the  Richterite 
End  Members  NasCaMgsSigO^OH^ 

and  Na2CaFe5Si08022(OH)2 

Robert  W.  Charles 

The  phase  relations  of  richterite  and 
ferrorichterite  have  been  studied  using 
reduced  oxide  mixes  of  the  appropriate 
bulk  composition.  Mixes  of  magnesio- 
richterite  composition,  Na2CaMgr)Si8022- 
(OH)2,  were  sealed  with  excess  H20  in 
platinum  capsules  and  subjected  to  vari- 
ous pressures  and  temperatures  in  stand- 
ard cold-seal  apparatus  or  in  an  in- 
ternally heated,  gas-media  apparatus. 
Experiments  at  800  °C  and  2  kb,  2-3 
days  in  duration,  yielded  98-100% 
amphibole,  which  was  used  for  stability 
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Fig.  84.  The  phase  equilibria  of  richterite  + 
vapor  for  Ptotai  =  Ph2o.  Abbreviations:  A, 
amphibole;  En,  enstatite;  Di,  diopside;  Hd, 
hedenbergite ;  Ac,  acmite;  "Hd,"  hedenbergitic 
clinopyroxene ;  "Ac,"  acmitic  clinopyroxene ; 
Fo,  forsterite;  Fa,  fayalite;  Q,  quartz;  Mt, 
magnetite;  1:2:6,  Na2(Mg,Fe)2Si60i5;  Ro, 
Na2Mg5Sii203o ;  L,  liquid;  V,  vapor.  *Two  cap- 
sules: (1)  decomposition  products,  (2)  amphi- 
bole. 


determinations.  The  field  of  stability  of 
richterite  +  vapor  is  denned  in  Fig.  84. 
The  liquid  compositions  have  not  been 
determined;  however,  the  topology  indi- 
cates that  the  water  content  of  the  liquid 
is  greater  than  that  in  amphibole.  The 
univariant  equilibria  represented  are 

AB:  Richterite  +  vapor  <p*  1:2:6  Na- 
Mg  silicate  +  roedderite  +  fors- 
terite +  diopside 

BC:  1:2:6  Na-Mg  silicate  +  liquid  + 
vapor  <^  roedderite  -4-  liquid2 

BD :  Richterite  +  vapor  ^±  roedderite 
+  forsterite  +  diopside  -4-  liquid2 

DE:  Roedderite  +  liquid2  +  vapor 
+±  enstatite  +  liquid3 

DF:  Richterite  -f  vapor  ^  forsterite 
+  diopside  -f-  enstatite  +  liquid3. 


The  richterite  composition  consists  of 
five  components,  and  seven  univariant 
curves  must  emanate  from  each  invariant 
point.  Only  those  curves  obtained  from  a 
starting  material  of  richterite  composi- 
tion are  shown. 

Within  its  stability  field,  richterite 
crystallized  essentially  100%  pure.  Ex- 
periments in  the  field  forsterite  +  ensta- 
tite +  diopside  +  liquid3  at  1  kb  always 
contained  10-20%  quench  amphibole. 
These  crystals  were  fine,  isotropic  needles 
compared  with  the  large  (20  X  40  ju,m) 
clinopyroxenes  and  irregularly  shaped 
forsterites.  Reversal  runs  at  200  bars 
yielded  almost  no  quench  amphibole. 
Clinoenstatite  appeared  in  small  amounts 
in  experiments  of  3  days  or  more.  Shorter 
experiments  yielded  forsterite  +  diopside 
+  liquid  +  vapor  with  possible  trace 
amounts  of  clinoenstatite,  which  is  diffi- 
cult to  distinguish  optically  from  diop- 
side. ^  The  presence  of  1:2:6  Na-Mg 
silicate  and  roedderite  (1:5:12)  was  de- 
termined from  the  powder  patterns  of 
Schairer  and  Yoder  (Year  Book  69). 

Forbes  (1971)  indicated  that  richterite 
is  stable  about  80  °C  lower  at  200  bars 
and  approximately  20  °C  lower  at  1  kb 
than  the  results  presented  here.  Experi- 
ments using  forsterite  -f-  diopside  +  en- 
statite +  liquid3  +  vapor  as  starting 
materials,  held  for  96  hours  at  940  °C 
and  200  bars,  produced  >95%  amphibole 
even  though  these  conditions  are  well 
beyond  the  stability  limit  given  by 
Forbes.  In  addition,  the  new  work  yielded 
the  low-pressure  field  of  1:2:6  Na-Mg 
silicate  +  roedderite  +  forsterite  + 
diopside. 

Magnesiorichterite  has  a  rather  low 
stability  limit  with  respect  to  pressure,  as 
indicated  by  experiments  at  5,  7,  and  10 
kb  and  530°C.  At  5  kb  the  amphibole 
has  a  much  smaller  cell  volume — 907.7 
A3  versus  909.3  A3  at  800 °C  and  2  kb. 
Products  of  synthesis  experiments  at  7 
and  10  kb  consisted  of  an  amphibole  and 
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Fig.  85.  The  phase  equilibria  of  ferrorichterite 
+  vapor  with  /o2  defined  by  the  Fe-FeO  buffer 
and  Ptotai  =  Pb2o.  Abbreviations  as  in  Fig.  84. 


a  sheet-silicate  phase.  Consequently,  it 
may  be  concluded  that  the  magnesiorich- 
terite  structure  is  unstable  at  the  higher 
pressures.  Richterites  are  usually  found 
in  low-pressure  and  high-temperature  en- 
vironments. 

The  stability  limits  of  the  ferrous  end 
member  Na2CaFe5Si8022(OH)2  +  vapor 
are  presented  in  Figs.  85,  86,  and  87. 
These  experiments  were  buffered  by  the 
techniques  of  Eugster  (1957)  and  Eug- 
ster  and  Skippen  (1967).  The  greatest 
stability,  775°  ±  10°C  and  1  kb  Ptotai, 
was  observed  with  the  FeO-Fe304  buffer. 

At  pressure  greater  than  approximately 
600  bars  on  the  Fe-FeO  buffer,  ferrorich- 
terite melts  incongruently  to 
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GEOPHYSICAL     LABORATORY 


509 


Fig.  87.  Isobaric  -log  /o2  versus  T  diagram  for 
the  ferrorichterite  bulk  composition  at  1000  bars 
fluid  pressure.  Field  boundaries  are  dashed 
where  inferred.  Buffer  curves  are  (1)  iron- 
magnetite,  (2)  iron-wiistite,  (3)  wiistite-mag- 
netite,  (4)  graphite-methane,  (5)  quartz-fayalite- 
magnetite,  (6)  nickel-bunsenite,  (7)  magnetite- 
hematite.  Abbreviations  as  in  Fig.  84. 


Below  600  bars 

Ferrorichterite  +  vapor  ^ 
1:2:6  Na-Fe  silicate  + 
hedenbergitic  pyroxene2  + 

fayalite  +  liquid2. 

The  1:2:6  Na-Fe  silicate  decomposes  at 
higher  temperature  to 

1:2:6  Na-Fe  silicate  -(-  vapor  <^ 

fayalite  +  liquid. 

This  reaction  may  be  more  complex,  in- 
volving interaction  of  these  phases  with 
the  pyroxene  (s)  and  liquid.  The  fayalite 
has  a  diao  of  2.830  ±  0.003  A  and  is  be- 
lieved to  be  pure  Fe2Si04,  judging  from 
the  determinative  curves  of  Fisher  and 
Medaris  (1969).  Complete  characteriza- 
tion of  these  phases,  as  well  as  the  others 
presented  here,  will  be  made  when  stabil- 
ity studies  of  intermediate  compositions 
on  the  amphibole  join  are  completed  and 


further  electron  microprobe  data  are 
obtained. 

The  stability  of  amphibole  on  the  fer- 
rorichterite composition  is  greatly  re- 
duced at  higher  f02.  Figure  86  shows  the 
phase  equilibria  on  the  QFM  buffer.  A 
larger  amount  of  Fe3+  exists,  according 
to  data  presented  in  a  complementary  re- 
port. Consequently,  30-40%  of  the 
charge  in  the  amphibole  field  was  an 
acmitic  clinopyroxene.  Experiments  at 
high  pressure  (7  kb)  yielded  somewhat 
higher  quantities  of  amphibole  but  with 
a  distinctly  smaller  cell  volume  than  that 
produced  on  the  Fe-FeO  buffer  (929.7 
A3  versus  936.0  A3).  Larger  amounts  of 
Fe3+  and  loss  of  Na  and  Fe  to  pyroxene 
presumably  bring  about  a  volume  de- 
crease. Amphibole  +  pyroxene  decom- 
poses as  shown  by  the  reaction 

Ferririchterite  +  acmitic  pyroxene  ^ 

acmite67hedenbergite33  -4-  fayalite  + 

quartz  -4-  magnetite  +  vapor. 

At  higher  temperatures  the  assemblage 
on  the  right  undergoes  partial  melting, 
and 

Ac67Hd33  +  quartz  -4-  vapor  ^ 

hedenbergitic  pyroxene  -4-  liquid. 

The  composition  Ac67Hd33  has  been  veri- 
fied by  electron  microprobe  analysis  and 
determinative  curves  developed  by  Nolan 
(1969).  The  hedenbergitic  pyroxene  is 
more  complex,  and  its  cell  dimensions 
yield  ambiguous  values  when  compared 
with  those  of  the  diopside-acmite'-heden- 
bergite  system  of  Nolan  (1969). 

Preliminary  results  for  the  phase  equi- 
libria of  the  ferrorichterite  bulk  compo- 
sition as  a  function  of  —log  /o2  and  T  are 
shown  in  Fig.  87.  Within  its  field  of  sta- 
bility the  amphibole  is  on  the  ferrorich- 
terite bulk  composition  only  at  low  /o2 
(Fe-FeO).  On  buffers  of  progressively 
higher  /02,  increasing  amounts  of  pyrox- 
ene appear  with  amphibole,  approaching 
30-40%    of  the  charge   on   QFM.    The 
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amphibole  +  pyroxene  assemblage  re- 
acts to 

Ferririchterite  +  acmitic  pyroxene  <^ 
Ac67Hd33  +  quartz  +  iron  oxide 

(or  fayalite)  +  vapor. 

Cell  volumes  of  the  pyroxene  at  higher 
and  lower  buffers  than  QFM  (Ni-NiO 
and  C-CH4)  indicate  uniform  composi- 
tion in  the  subsolidus  region.  This  obser- 
vation has  not  yet  been  verified  for 
H-Mt.  After  partial  melting  is  induced, 
the  clinopyroxene  reacts  continuously 
with  liquid  from  lower  to  higher  /02 : 

(Fe-FeO)    Hedenbergitic  pyroxene   + 

fayalite  -f~  liquid 

(Ni-NiO)  Acmitic  pyroxene  +  fayalite 

+  magnetite  +  liquid. 

Using  the  general  amphibole  structure, 
compositional  variations,  and  local 
charge-balance  considerations  described 
earlier,  the  stability  of  ferrorichterite  can 
be  compared  with  that  of  other  ferrous 
amphiboles.  In  Fig.  88  are  presented  the 
decomposition  curves  of  ferropargasite 
(NaCa2Fe4AlSi6Al2022  (OH)  2 ;  Gilbert, 
1966),  ferrotremolite  (Ca2Fe5Si8022(OH)2 ; 
Ernst,  1966),  riebeckite-arfvedsonite 
(Na.2.4Fe2+4.9Fen.7Si7.7Fe3l+o.3(OH)2; 
Ernst,  1962),  riebeckite  (Na2Fe2+3Fe3+2 
Si8022(OH)2;  Ernst,  1962)  and  ferro- 
richterite. When  these  results  are  com- 
pared, calcium  versus  sodium  should  have 
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Fig.  88.  Comparison  of  stability  limits  of 
several  iron  amphiboles  +  vapor  with  /o2  de- 
fined by  the  buffer  given  in  parentheses. 


little  effect  on  the  stability  limit  (Ernst, 
1968). 

Ferropargasite,  which  shows  the  great- 
est stability,  has  Al  and  Fe2+  in  the  M2 
site  instead  of  two  ferrous  irons.  In  fer- 
ropargasite the  chain  linking  is  somewhat 
stronger,  enhancing  its  stability  with  re- 
spect to  temperature.  Ferropargasite 
exists  to  a  much  higher  /02,  principally 
because  there  is  no  Na  in  M4. 

Ferrotremolite  has  complete  local 
charge  balance.  Consequently,  five  fer- 
rous irons  are  placed  into  the  five  avail- 
able M  sites.  The  predicted  increase  in  b 
for  the  conversion  of  tremolite  to  ferro- 
tremolite is  0.32  A,  according  to  Colville, 
Ernst,  and  Gilbert,  1966.  They  observed 
0.29  A,  which  was  considered  within  the 
error  of  the  measurement.  On  this  basis, 
all  iron  is  thought  to  be  ferrous.  Most  of 
the  decrease  in  stability  of  ferrotremolite 
compared  with  other  ferrous  amphiboles 
is  due  to  the  vacant  A  site  (Ernst,  1968). 
The  decreased  linking  caused  by  the  fer- 
rous irons  also  adds  to  the  amphibole 
instability.  Riebeckite,  which  also  has  a 
vacant  A  site,  is  slightly  more  stable, 
probably  owing  to  the  two  ferric  irons 
in  M2. 

The  riebeckite-arfvedsonite  synthesized 
by  Ernst  (1962)  on  the  riebeckite  compo- 
sition comes  close  to  ferrorichterite  in 
composition  and  stability.  Some  vacancy 
in  the  A  site,  as  well  as  large  local  charge 
imbalances,  would  account  for  its  lowered 
stability. 

Physical  Properties  of  Synthetic 

RlCHTERITES 
Robert  W.  Charles 

In  order  to  study  the  effects  of  Mg  and 
Fe  substitution  upon  the  physical  proper- 
ties of  clinoamphiboles  of  the  richterite 
series,  Na2Ca(Mg,Fe)5Si8022(OH)2,  six 
oxide  mixtures  were  prepared  along  the 
Mg-richterite-Fe-richterite  join.  These 
mixtures  were  homogenized,  reduced  by 
heating  in  H2  gas,  and  crystallized  hydro- 
thermally    by    standard    oxygen    buffer 
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techniques.  Mg-richterite  has  been  syn- 
thesized previously  (e.g.,  Phillips  and 
Rowbotham,  1968)  ;  however,  Fe-bearing 
hydroxy  amphiboles  along  this  join  have 
not  been  previously  synthesized. 

Except  for  the  Mg-richterite  composi- 
tion, which  crystallized  to  nearly  pure 
(98%)  amphibole  after  2  days  at  800  °C 
and  1  kb,  yields  containing  more  than 
95%  amphibole  were  consistently  ob- 
tained only  on  the  Fe-FeO  buffer.  At 
higher  oxygen  fugacities  in  the  amphi- 
bole field  experiments  yielded  varying 
amounts  of  accessory  clinopyroxene  in 
addition  to  amphibole,  indicating  that 
the  amphibole  is  off  the  richterite  join. 
All  compositions  except  that  having 
MgFe4  could  be  crystallized  to  more  than 
95%  amphibole  on  Fe-FeO  at  low  pres- 
sure (1  kb) ;  however,  the  MgFe4  amphi- 
bole was  difficult  to  synthesize  below 
5kb. 

From  Mg-richterite  to  Fe-richterite  the 
crystals  change  from  colorless  to  deep 
grass-green.    The  crystals  are  generally 


less  than  5  /mi  in  greatest  dimension. 
Pleochroism  (green,  a;  yellow-green,  /?; 
green,  y)  intensifies  with  increasing  Fe 
content.  Refractive  indices  along  the 
join  are  plotted  in  Fig.  89.  The  extinction 
angle  y  /\Z  increases  from  Mg-richterite 
(5°  to  10°)  to  Fe-richterite  (10°  to  15°). 

Mossbauer  spectra  (D.  Virgo,  personal 
communication)  demonstrate  the  pres- 
ence of  Fe3+  in  all  synthesized  Fe-bearing 
amphiboles.  The  Fe3+  content  of  the  co- 
existing (<  5%)  pyroxene  on  Fe-FeO  is 
unknown.  There  is  evidence  that  the 
Fe3+/Fe2+  ratio  of  the  amphiboles  de- 
creases with  increasing  total  Fe  content. 

Unit  cell  parameters,  estimated  by 
least-squares  refinement  of  X-ray  dif- 
fractometer  measurements  for  experi- 
ments on  Fe-FeO,  are  plotted  in  Fig.  90. 
The  linear  extrapolation  of  Fig.  90  is  not 
a  least-squares  fit  to  the  data  but  is  based 
on  the  assumptions  (1)  that  the  cell 
parameters  for  Mg-richterite  are  cor- 
rect; (2)  that  the  A  and  M4  sites  are 
occupied  by  similar  cations;  and  (3)  that 
Mi,  M2,  and  M3  are  of  equal  size  and  do 
not  exhibit  cation  ordering.  Cell  param- 
eters for  two  Fe-richterites  are  plotted. 
The  amphibole  that  plots  closest  to  the 
linear  trend  was  synthesized  for  less  than 
10  days  at  600°  to  700 °C.  This  amphi- 
bole coexists  with  10%  clinopyroxene, 
fayalite,  and  a  trace  of  glass,  and  Moss- 
bauer spectra  indicate  that  about  5%  of 
the  Fe  present  is  Fe3+.  The  other  amphi- 
bole, which  deviates  consistently  from 
the  linear  trend,  was  synthesized  for  22  to 
30  days  at  500°  to  530  °C.  The  latter 
amphibole  constituted  more  than  95%  of 
the  products.  Accessory  clinopyroxene, 
fayalite,  and  more  glass  (1—2%)  were 
detected  in  these  experiments.  According 
to  the  Mossbauer  spectra,  about  10%  of 
the  Fe  in  this  amphibole  is  Fe3+.  All  other 
bulk  compositions  yielded  only  one 
amphibole  regardless  of  the  synthesis 
time.  The  abrupt  departure  from  linearity 
shown  by  the  cell  parameters  of  this 
amphibole  may  be  caused  by  the  Fe3+ 
content,  which  must  be  compensated  for 
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Mg5  Mg4Fe,  MgjFe2  Mg2Fe3  MgFe4  Fes 

Bulk  composition  Na2CaMgxFe5-xSis022(OH)2 

Fig.  90.  Variation  of  unit  cell  parameters  of 
amphiboles  grown  with  an  Fe-FeO  buffer  along 
the  join  Mg-richterite — Fe-richterite.  (A)  V 
(cell  volume)  and  a.    (B)  b  and  c.    (C)  a  sin  /3. 
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by-  other  changes  in  the  crystal  compo- 
sition. 

Substitution  of  Fe3+  for  Fe2+  in  these 
amphiboles  can  be  balanced  by  substitu- 
tion of  0=  for  OH"  and  consequent  loss 
of  hydrogen  or  by  removal  of  Na.  Mani- 
festations of  such  changes  were  not  ob- 
served in  the  optical  properties  but  are 
apparent  in  the  cell  parameters.  Either  of 
these  substitutions  can  be  accomplished 
if  there  is  a  structural  limitation  that 
prevents  the  five  Mi,  M2,  and  M3  sites 
from  being  filled  with  ferrous  iron.  Ban- 
croft and  Burns  (1969)  and  others  have 
indicated  that  the  M2  site  is  smaller  in 
hydrous  amphiboles  and  generally  ac- 
cepts magnesium  or  ferric  iron  instead  of 
the  larger  ferrous  iron.  This  effect,  how- 
ever, does  not  account  for  the  indica- 
tion that  Fe3+/Fe2+  decreases  with  in- 
creasing Fe  content. 

Ghose  (1966)  and  Whittaker  (1949, 
1960)  postulated  that  if  Na  occupies  the 
M4  site  a  local  charge  imbalance  will 
result  because  the  Na  is  coordinated  with 
six  oxygens.  Such  an  imbalance  would 
be  corrected  by  addition  of  a  ferric  iron 
into  the  M2  site  because  M2  lies  closest 
to  M4  (Papike,  Ross,  and  Clark,  1969). 
Burns  and  Prentice  (1968)  supported  the 
charge-balance  theory  by  reporting  the 
preferential  positioning  of  Fe3+  in  M2  in 
riebeckites,  Na2Fe2+3Fe3+2Si8022(OH)2, 
which  necessarily  have  Fe3+  in  their 
formula. 
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The  key  observations  appear  to  be  that 

(1)  all  experiments  buffered  with  Fe- 
FeO  contain  a  trace  amount  of  glass  and 

(2)  the  long  syntheses  of  Fe-richterite 
contain  a  larger  amount  of  glass.  Hydro- 
gen loss  alone  would  produce  no  glass. 
H20  leaching  of  Na  and  Si  should  have 
caused  more  scatter  in  the  data  points, 
owing  to  time  dependence.  In  any  case, 
leaching  would  not  have  preferentially 
occurred  only  in  long  syntheses  of  Fe- 
richterite.  Any  explanation  such  as  al- 
loying of  iron  in  the  Ag80Pd2o  capsules 
fails  for  the  same  reason.  One  is  left  with 
the  conclusion  that  the  richterite  struc- 
ture does  not  readily  accept  five  ferrous 
atoms  on  the  Fe-FeO  buffer. 

On  the  basis  of  these  observations,  the 
lattice  constants  can  be  explained  com- 
pletely. The  parameters  a  sin  /?  and  a 
depend  upon  the  mean  size  of  the  cations 
in  the  linking  cation  strip  (Ernst,  1968; 
Huebner  and  Papike,  1970).  It  should 
be  a  linear  function  if  the  incremental 
change  in  the  cation  size  remains  con- 
stant. Beyond  the  composition  having 
MgFe4  the  mean  size  of  the  cations  in- 
creases at  a  smaller  rate,  owing  to  sodium 
loss  and  the  introduction  of  more  ferric 
iron.  A  larger  portion  of  the  Fe  is  ferric 
in  the  lower  Fe  amphiboles  because  of  the 
Na  in  M4.  The  effect  is  small,  but  it  can 
be  seen  in  the  compositions  Mg4Fe  and 
Mg3Fe2,  which  fall  below  the  linear 
curve. 

The  parameter  6  is  influenced  most  by 
the  occupancy  of  the  M4  and  M2  sites, 
which  actually  link  the  double  chains  of 
silicon  tetrahedra  (Colville,  Ernst,  and 
Gilbert,  1966;  Ernst,  1968).  M4  in  these 
amphiboles  is  occupied  by  Na  and  Ca  in 
all  cases.  Of  secondary  importance  are 
the  other  M  sites.  Although  not  actually 
linking  the  double  chains,  they  may 
cause  some  increase  in  the  b  dimension 
when  occupied  by  larger  cations.  The 
diagram  presented  here  clearly  shows 
that  while  the  three  Mi  and  M3  sites  are 
filling  preferentially  with  ferrous  iron 
(Mg4Fe  to  Mg2Fe3)  the  observed  points 


drop  below  the  line  representing  uniform, 
totally  disordered  filling  of  the  M  sites. 

The  parameter  c,  or  chain  length,  is 
controlled  by  (1)  the  size  of  cations  in  the 
Mi  and  M3  sites  (Colville,  Ernst,  and 
Gilbert,  1966)  or  (2)  the  size  of  the 
tetrahedral  cations  (Ernst,  1968).  Judg- 
ing from  the  structure,  large  cations  in 
M2  should  also  affect  the  chain  length. 
Once  again  an  essentially  uniform  linear 
trend  is  observed  until  more  ferric  iron 
is  present,  causing  a  much  smaller 
stretching  of  the  chain.  If  the  increased 
Fe3+  goes  into  M2  versus  a  tetrahedral 
site,,  less  expansion  occurs  along  c. 

Huebner  and  Papike  (1970)  clearly 
showed  that  the  A  site  controls  /?  as  well 
as  influencing  a.  Addition  of  larger 
cations  to  A  causes  /?  to  increase.  In 
sodic  richterite  the  A  site  is  uniformly 
filled  with  Na,  but  as  one  proceeds  from 
Mg5  to  Fe5  the  structure  expands  around 
the  Na,  having  the  effect  of  placing  a 
relatively  smaller  cation  in  the  A  site, 
and  consequently,  fi  decreases.  Near  Fe5, 
/?  decreases  more  sharply  because  of 
actual  Na  loss.  Combining  the  effect  of 
all  other  cell  parameters,  the  cell  volume 
shows  a  slightly  negative  volume  of  mix- 
ing on  the  low-iron  compositions  and  a 
slightly  positive  volume  of  mixing  on  the 
high-iron  compositions. 

Preliminary  Fitting  of  57Fe  Mossbauer 
Spectra  of  Synthetic  Mg-Fe 

RlCHTERITES 
D.  Virgo 

Syntheses  of  hydrous  Mg-Fe  richterites 
with  compositions  along  the  join  Na2Ca 
Mg5Si8022  (OH)  2-Na2CaFe5Si8022  (OH)  2 
are  described  by  Charles  elsewhere  in  this 
report.  The  richterite  crystal  structure 
consists  of  A  sites  filled  with  sodium,  M4 
sites  half  filled  with  each  of  sodium  and 
calcium,  and  Mi,M2and  M3  sites  contain- 
ing iron  and  magnesium.  The  preliminary 
fitting  of  the  Mossbauer  spectra  of  the  Fe 
end  member  is  reported  here.  The  pres- 
ence of  Fe3+  is  confirmed,  in  support  of 
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interpretations  by  Charles  (this  report) 
concerning  the  physical  properties  of  this 
series. 

The  57Fe  Mossbauer  spectra  were 
taken  at  liquid  nitrogen  temperatures 
(Virgo,  elsewhere  in  this  report) .  The 
spectrum  shown  in  Fig.  91  is  composed 


principally  of  a  single  ferrous  doublet 
with  evidence  of  a  small  shoulder  or 
inflection  on  the  low  velocity  peak.  Also 
evident  is  an  absorption  peak  at  approxi- 
mately 0.6  mm/sec  that  can  be  unequiv- 
ocally attributed  to  trivalent  iron.  The 
lower-velocity  component  of  this  doublet 
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Fig.  91.   5,Fe  Mossbauer  spectrum  of  synthetic  Fe-richterite  at  77 "K.    Solid  line  is  the   com- 
puted least-squares  fit  to  the  data. 
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TABLE  51.  Quadrupole  Splitting  and  Isomer  Shift  of  the  Synthetic  Ferro-Richterite,  Fe5 


T,  °K 

Quadrupole  Splitting,  mm/sec 

Isomer  Shift,  mm/sec 

Fe2+  (1-1')       Fe2+  (2-2')       Fe3+  (3-3') 

Fe2+  (A-A')      Fe2+  (B-B')      Fe3+  (C-C) 

77 

3.09                   .  .  .                  0.51 

1.25                    .  .  .                   0.51 

is  not  well  resolved,  and  its  precise  loca- 
tion under  the  absorption  envelope  due  to 
Fe2+  is  not  known.  These  general  fea- 
tures are  common  to  all  members  of  the 
series  grown  with  the  I-W  buffer.  In 
particular,  the  intensity  of  the  high- 
velocity  component  of  the  Fe3+  doublet  is 
variable  across  the  series. 

The  data  shown  in  Fig.  91  were  fitted 
without  constraints  with  two  Fe2+  doub- 
lets (A-A'  and  B-B')  and  a  single  Fe3+ 
doublet  (C-C).  The  fitting  process  did 
not  converge  in  attempts  to  resolve  the 
high-velocity  component  of  doublet  B-B'. 
Constraining  the  half-widths  of  the  peaks 
in  doublet  C-C  and  the  half-widths  of 
peaks  A  and  B  did  not  improve  the  fit. 
The  calculated  value  of  x2  actually  in- 
creased in  these  instances.  It  is  worthy  of 
note  that  the  line  widths  of  the  Fe3+  peaks 
(< — -  0.28  mm)  are  narrow,  suggesting  that 
Fe3+  is  in  a  single  distinct  site,  and  the 
line  width  of  the  inner  Fe2+  peak  is  some- 
what larger  (0.33  mm)  than  the  outer 
doublet  (0.25  mm).  Attempts  to  resolve 
a  third  Fe2+  doublet,  however,  were  not 
successful.  In  fact,  crystal-chemical  argu- 
ments strongly  suggest  that  it  is  unlikely 
that  Fe2+  in  the  Mi,  M3  sites  can  be  re- 
solved (Papike,  Ross,  and  Clark,  1969; 
Gibbs  and  Cameron,  Year  Book  70) . 

The  results  of  studies  of  actinolites  by 
Mossbauer  spectroscopy  (Burns,  1971) 
and  X-ray  studies  of  potassium-substi- 
tuted richterite  (Papike,  Ross,  and  Clark, 
1969)  and  synthetic  fluor-richterite 
(Cameron  and  Gibbs,  Year  Book  70,  p. 
150)  suggest  the  following  assignment  for 
the  absorption  peaks  of  Fig.  91:  (a) 
doublet  A-A'  is  assigned  to  Fe2+  in  the 
least  distorted  Mi,  M3  crystal  sites;  (b) 
doublet  B-B'  is  assigned  to  Fe2+  in  the 
more  distorted  M2  site;  and  (c)  doublet 


C-C  is  assigned  to  Fe3+  in  the  M2  site. 
A  combined  Mossbauer  and  X-ray  study 
of  a  natural  richterite  with  similar  chem- 
istry is  in  progress.  The  above  peak  as- 
signments may  be  verified  from  these 
results. 

The  computed  hyperfine  parameters, 
quadrupole  splitting,  and  isomer  shift 
(Table  51)  are  in  agreement  with  other 
data  for  Fe2+  and  for  Fe3+  (Table  58)  in 
octahedral  configurations.  The  calculated 
site  occupancies  for  Fe2+,  Fe3+  on  the 
basis  of  this  fit  are  given  in  Table  52.  The 
determined  Fe3+/(Fe2+  +  Fe3+)  ratio  is 
0.097.  From  these  fractional  site  popula- 
tions it  can  be  seen  that  the  ratio  of  iron 
in  M1/M3  sites  to  that  in  the  M2  site  is 
close  to  the  theoretical  value  of  3:1. 

The  preliminary  fitting  of  the  Moss- 
bauer spectra  of  these  synthetic  richter- 
ites  has  confirmed  the  presence  of  Fe3+ 
in  the  crystal  structure.  The  occurrence 
of  Fe3+  in  these  stable  richterites,  synthe- 
sized under  the  I-W  buffer,  may  be 
related  to  the  local  charge-balance  re- 
quirement caused  by  the  presence  of  Na 
in  the  adjacent  M4  sites  (see  discussion 
by  Charles,  this  report) .  This  study  also 
illustrates  the  difficulties  in  obtaining  a 
unique  fit  to  Mossbauer  data  of  such 
complicated  spectra.  One  approach  that 
is  under  way  is  the  synthesis  of  selected 
richterite  compositions  using  enriched 
57Fe.  Preliminary  analysis  of  pure  rich- 
terites containing  natural  Fe,  synthesized 


TABLE  52.    Calculated  Site  Occupancies  for 
Fe2+,  Fe3+  in  the  Synthetic  Ferro-Richterite 


Site 


Fe2H 


Fe3+ 


Mi/Ms 
M2 


3.005 
1.508 


0.487 
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under  the  QFM  buffer,  has  shown  that 
complete  resolution  of  the  lower-velocity 
Fe3+  peaks  is  possible.  Also,  57Fe-enriched 
compositions  grown  under  the  I-W  buffer 
may  increase  the  sensitivity  of  detecting 
Fe2+  in  the  M2  site,  thereby  verifying  the 
hyperfine  parameters  reported  in  Table 
51. 

Interdiffusion  Studies  in  the  System 
Fe2Si04-Mg2Si04 

D.  J.  Misener 

The  rheological  properties  of  the  upper 
mantle  are  fundamental  to  our  under- 


standing of  large-scale  deformations  asso- 
ciated with  sea-floor  spreading  (Vine  and 
Matthews,  1963)  and  plate  tectonics 
(LePichon,  1968).  One  of  the  most  im- 
portant unsolved  problems  in  understand- 
ing the  rheology  of  the  upper  mantle  is 
the  determination  of  the  equation  govern- 
ing the  flow  of  crystalline  material.  The 
"flow"  law  applicable  to  the  upper  mantle 
may  be  governed  by  the  movement  of 
dislocations,  as  proposed  by  Weertman 
(1970)  and  Raleigh  and  Kirby  (1970),  or 
by  the  migration  of  atomic  species,  as 
proposed  by  McKenzie  (1968)  and  Gor- 
don    (1965).     At    present    (Weertman, 
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Fig.  92.    Experimental  arrangement  for  diffusion  couple  annealing. 
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1970) ,  a  general  flow  law  may  be  written 
in  the  form: 

i  =  F(afl)  DT,P 
c  =  creep  rate 
where 

F{an)  =  function    of    the    differential 
stress  o-. 
n  =  an  integer  (1  ^  n  $$  5) 
Dt,  p  =  pertinent  diffusion  coefficient 
at  given  T  and  P. 

In  the  past  few  years,  a  considerable 
amount  of  experimental  data  has  become 
available  on  the  evaluation  of  e  as  a 
function  of  o-  on  materials  of  interest  in 
the  upper  mantle  (Raleigh  and  Kirby, 
1970;  Carter  and  Ave'Lallemant,  1970); 
however,  experimental  determinations  of 
the  pertinent  diffusion  coefficients  are 
rare. 

Experiments  were  completed  at  1  atm 
on  forsterite-fayalite  diffusion  couples 
over  a  temperature  range  900°-1100°C. 
The  crystals  were  oriented  relative  to  one 
of  the  orthorhombic  axes  of  olivine  by 
the  Buerger  precession  method  and  then 
polished  down  to  0.3  /xm  A1203.  Cylinders 
Ys  inch  in  diameter  and  %6  inch  in  height 
were  cut  from  the  crystals  for  use  in  the 
diffusion  couple.  The  crystals  were  placed 


in  contact,  wrapped  tightly  with  Ag70Pd30 
foil,  and  tied  together  with  Pt  wire.  The 
experimental  arrangement  is  illustrated 
in  Fig.  92.  At  the  completion  of  each 
experiment  the  samples  were  slowly 
cooled  and  cut  perpendicular  to  the  diffu- 
sion interface  for  analysis  on  the  electron 
microprobe. 

Figures  93  and  94  illustrate  magnesium 
and  iron  concentration  profiles  for  a 
diffusion  experiment  conducted  at  1000° C 
for  311  hours.  The  resulting  300-/mi  zone 
of  olivine  solid  solution  was  caused  by  the 
interdiffusion  of  iron  and  magnesium 
cations  in  the  olivine  structure.  Figure  95 
illustrates  the  method  of  analysis  used  in 
the  calculation  of  the  diffusion  coeffi- 
cients. The  method  has  been  widely  used 
in  the  study  of  interdiffusion  in  ceramics 
(Rigby  and  Cutler,  1965;  Appel  and 
Pask,  1971)  and  is  known  as  the  Boltz- 
mann-Matano  solution  (Crank,  1970) .  A 
Fick's  law  is  assumed  for  diffusion  in  a 
linear  infinite  system  with  a  diffusion 
coefficient  that  depends  on  the  concen- 
tration. It  is  also  assumed  that  there  is 
no  volume  change  over  the  concentration 
profile.  This  assumption  is  valid  to  a  first 
approximation  in  olivine,  where  there  is 
less   than   a    10%    difference    in   molar 
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Fig.  93.    Mg  concentration  profile  for  a  diffusion  experiment  at  1000 °C  and  311  hours  in  an 
evacuated  silica-glass  tube. 
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Fig.  94.  Fe  concentration  profile  for  a  diffusion  experiment  at  1000 °C  and  311  hours  in  an  evacu- 
ated silica-glass  tube. 


volumes  between  the  pure  iron  and  mag- 
nesium end  members.  The  Boltzmann- 
Matano  solution  involves  the  determina- 
tion of  a  conservation  of  mass  interface 
and,  in  a  constant  volume  situation,  may 
be  represented  by  equation  1  on  Fig.  94. 
The  interdiffusion  coefficient  may  then  be 
determined  using  equation  2,  where  t 
represents  time,  and  the  other  values 
needed  are  represented  on  Fig.  94.  The 
Boltzmann-Matano  interface  is  set  as  the 
zero  point,  and  all  calculations  are  made 
with  respect  to  that  point. 


Fig.  95.  Diagrammatic  representation  of  the 
Boltzmann-Matano  solution  for  interdiffusion  in 
a  constant  volume  system. 


Figure  96  illustrates  the  result  of  a 
Boltzmann-Matano  calculation  on  the 
diffusion  profile  in  Fig.  93.  The  inter- 
diffusion coefficient  D  is  very  sensitive  to 
composition  and  decreases  exponentially 
with  magnesium  concentration  within  the 
range  10  k>  24  wt  %.  In  fayalite,  the 
value  of  D  is  approximately  2  orders  of 
magnitude  larger  than  in  forsterite  (owing 
primarily  to  the  large  difference  in  T/Tm, 
where  Tm  is  the  melting  temperature, 
between  fayalite,  T/Tm  =  0.83,  and  for- 
sterite, T/Tm  =  0.53).  The  nonsym- 
metrical nature  of  Figs.  93  and  94  is  a 
result  of  the  higher  cation  mobilities  (or 
value  of  D)  in  fayalite,  relative  to  for- 
sterite. The  lone  point  is  for  comparison 
with  a  study  on  nickel  diffusion  in  olivine 
carried  out  under  similar  conditions 
(Clark  and  Long,  1971) .  Figure  97  shows 
the  variation  of  the  interdiffusion  coeffi- 
cient with  temperature.  Log  D  is  plotted 
versus  1/77,  and  the  resulting  Arrhenius 
relationship  can  be  seen.  The  values  for 
D  are  calculated  at  5  wt  %  Mg2+  for 
each  sample.  The  two  points  at  1000°C 
are  for  99  and  311  hours  and  agree  within 
the  experimental  error.  The  fitted  values 
yield  an  activation  enthalpy    (AH*)    of 
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Fig.  96.    Boltzmann-Matano  solution  for  the  Fe2Si04-Mg2Si04  interdiffusion  system.   D  versus 
Mg  concentration  for  1000 °C  and  311  hours. 


47  ±  4  kcal/mole  and  a  value  of  Do  of 
0.34  ±  0.1  X  10"2/sec.  The  activation 
parameters  are  calculated  for  samples 
oriented  parallel  to  the  c  crystallographic 
axis.  The  value  of  D  —  3.64  X  10"11 
cm2/sec  at  950 °C  represents  an  experi- 
ment carried  out  parallel  to  the  b  axis. 
Thus  the  diffusion  coefficient  is  a  func- 
tion of  crystallographic  orientation  and 
will  be  represented  by  the  second-rank 
tensor  D  =  Dtj. 

Clark  and  Long  (1970)  carried  out  one 
experiment  for  diffusion  in  fayalite  and 
obtained  a  value  of  1.6  X  10"11  cm2/sec 
at  1118°C,  represented  by  the  point 
labeled  (C-L)  in  Fig.  96.  They  obtained 
an  enthalpy  of  activation  for  nickel  dif- 
fusion in  olivine  of  46  kcal/mol,  assum- 
ing a  "tracer"  solution  for  their  diffusion 
profile. 

The  activation  parameters  obtained  for 
diffusion  in  olivine  may  be  applied  to 
some  recent  creep  experiments  on  dunites 
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and  peridotites  (Carter  and  Ave'Lalle- 
mant,  1970;  Raleigh  and  Kirby,  1970). 
An  activation  enthalpy  of  approxi- 
mately 100-120  kcal/mol  was  calculated 
from  both  these  creep  experiments.  If  the 
temperature  dependence  of  the  creep  rate 
is  expressed  through  the  exponential  de- 
pendence of  the  appropriate  diffusion  co- 
efficient on  temperature,  then  it  appears 
that  the  rate-controlling  process  in  the 
creep  of  olivine  dunites  is  not  the  volume 
diffusion  of  cations.  Both  these  sets  of 
experiments  were  done  at  large  (>1  kb) 
differential  stresses,  however;  and  at 
lower  differential  stresses  (<100  bars) 
similar  to  those  believed  to  be  maintained 
in  the  earth's  mantle,  the  process  may 
change. 

Optical  and  Electrical  Behavior  of 

Olivine  and  Spinel  (Fe2Si04)  at 

High  Pressure* 

H.  K.  Mao  and  P.  M.  Bell 

In  early  experiments  on  crystal-field 
spectra  at  high  pressure,  a  shift  of  the 
absorption  edge  of  olivine  and  spinel  un- 
related to  crystal-field  effects  was  noted 
(Bell  and  Mao,  Year  Book  68).  Further 
efforts  to  explore  optical  absorption 
effects  have  been  made  with  high- 
resolution  apparatus,  and  the  process  ap- 
pears to  be  caused  by  fundamental  prop- 
erties of  these  crystals  that  were  previ- 
ously unknown.  The  optical  cut-off,  or 
apparent  absorption  edge,  of  these  crys- 
tals undergoes  a  strong  red  shift  starting 
at  100  kb.  By  200  kb  the  crystals  become 
totally  opaque  and  the  absorption  edge 
trails  off  into  the  infrared  region. 

The  above-mentioned  absorption  is 
stronger  than  has  previously  been  ob- 
served in  silicates,  and  the  energy  shift 
from  approximately  3  eV  to  less  than  0.5 
eV  is  major.  The  behavior  at  250  kb  is 
comparable  to  that  expected  for  the  onset 
of  the  metallic  or  semimetallic  state  at 
several  megabars  pressure.  Measurements 

*  Work  supported  in  part  by  National  Science 
Foundation  grant  GA  22707. 


of  the  electrical  conductivity  of  olivine 
and  spinel  were  made  concurrently  with 
the  optical  measurements  (20-300  kb). 
The  conductivity  of  olivine  increases 
rapidly  by  nearly  a  million  times  in  that 
range,  and  the  conductivity  of  spinel  in- 
creases by  more  than  2  orders  of  magni- 
tude. These  effects  may  be  important 
geophysically,  because  both  olivine  and 
spinel  are  believed  to  be  stable  in  the 
earth's  mantle  at  depths  of  300-900  km 
(olivine  inverts  to  spinel  at  a  pressure 
corresponding  to  about  400  km  depth) , 
approximately  equivalent  to  the  same 
pressure  range.  Some  of  the  details  and 
results  of  this  work  have  already  been 
reported  (Mao  and  Bell,  1972a). 

Figure  98A  shows  a  plot  of  the  absorb- 
ance  of  a  polycrystalline  olivine  at  vari- 
ous pressures.  The  composition  was 
fayalite  (Fe2Si04) ,  and  the  data  are  the 
same  for  natural  and  synthetic  samples. 
Near  a  wavelength  of  approximately 
10,000  A,  a  broad  crystal-field  band  can 
be  seen  but  is  obscured  by  the  apparent 
absorption  edge  that  slopes  to  higher 
energy.  In  these  experiments  the  dia- 
mond-windowed pressure  cell  (Mao  and 
Bell,  Year  Book  70)  was  employed  with- 
out a  liquid  pressure-transmitting  me- 
dium. The  sample  is  only  about  5  /urn 
thick,  yet  the  absorption  is  extremely 
intense.  When  the  pressure  is  released, 
the  crystals  transmit  light  normally. 
Cycling  the  pressure  shows  that  the  ab- 
sorption effect  is  entirely  reversible. 

Similar  data  are  shown  in  Fig.  98B  for 
spinel  of  the  same  composition  (Fe2Si04) . 
The  spinel  was  prepared  by  raising  pure 
synthetic  fayalite  to  62  kb,  900  °C,  for  1 
hour  in  a  piston-cylinder  apparatus. 
Much  the  same  effect  occurs  in  spinel  as 
in  olivine.  In  both,  the  effect  can  be 
observed  in  white  light  as  a  blackening 
beginning  at  100  kb.  The  photomicro- 
graph in  Fig.  99  shows  a  typical  view. 

Electrical  conductivity  was  measured 
by  introducing  two  fine  tungsten  leads 
(0.012  mm  initial  diameter),  which  were 
connected   to    a   combination   resistance 
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Fig.  99.  Photomicrograph  of  polycrystalline  fayalite  taken  through  a  diamond  window  of  the 
pressure  cell  at  approximately  270  kb.  The  black  bands  on  the  top  and  bottom  edges  are  the 
tungsten  leads  used  to  measure  electrical  resistance.  The  geometric  factors  of  the  leads  and  sam- 
ple within  the  high-pressure  cell  were  measured  optically.  The  pressure  was  greater  than  100  kb 
in  the  central  dark  area  and  less  than  100  kb,  dropping  to  1  bar,  in  the  transparent  zone  at  the 
edges.  The  approximate  dimension  of  the  octagonal  diamond  face  is  200  /mi ;  the  sample  thick- 
ness is  5  fim, 


bridge  for  the  range  1-10"5  ohm  cm"1,  and 
to  a  high-sensitivity  electrometer  for  the 
range  10"4— 10"8  ohm  cm"1.  The  reciprocal 
log  conductivity  is  plotted  versus  pressure 
in  Fig.  98C.  The  curves  shown  are  revers- 
ible, with  negligible  hysteresis.  Figure 
98D  shows  a  plot  of  the  reciprocal  tem- 
perature dependence  of  reciprocal  elec- 
trical conductivity  at  a  constant  pressure 
of  200  kb.  Cooling  and  heating  were  ac- 
complished by  using  solid  C02  and  vary- 
ing the  power  in  an  external  resistance 
heater.  In  the  temperature  range  225°— 
575  °K,  the  conductivity  of  olivine  in- 
creases with  temperature  by  2  more 
orders  of  magnitude.  The  conductivity 
and  its  temperature  coefficient  are  con- 
sistent with  the  behavior  of  a  strong 
semiconductor. 

Figure  100A,  B  shows  two  photomicro- 
graphs (taken  through  the  diamond  win- 
dow of  the  pressure  cell)  of  single  crystals 


of  olivine  immersed  in  NaCl  and  raised 
to  approximately  200  kb.  The  crystal  in 
Fig.  100A  is  deformed  plastically  in  the 
horizontal  plane,  but  darkened  and  clear 
regions  can  be  observed,  which  correspond 
to  pressures  greater  than  or  less  than  100 
kb,  respectively.  Several  small  platelet 
crystals,  shown  in  Fig.  100B,  demon- 
strate the  same  effect.  The  apparent 
gradation  from  light  to  dark  regions  sup- 
ports the  contention  that  the  absorption 
effect  occurs  over  a  range  of  pressures. 
The  fact  that  the  crystals  are  deformed, 
however,  raises  the  possibility  that  the 
absorption  could  have  occurred  over  a 
much  narrower  pressure  range,  or  even 
instantaneously,  at  approximately  100 
kb.  It  is  not  uncommon  that  pressure 
effects  appear  to  be  smeared  out  in  pres- 
sure-anvil apparatus. 

X-ray  diffraction  data  on  olivine  and 
spinel   were    obtained   at   high   pressure 
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Fig.  100.  (A)  Photomicrograph  of  a  single 
crystal  of  fayalite  immersed  in  NaCl  at  200  kb. 
(B)  Photomicrograph  of  small  platelets  of 
fayalite  immersed  in  NaCl  at  200  kb. 


concurrently  with  the  absorption  and 
electrical  measurements.  Neither  olivine 
nor  spinel  underwent  phase  changes  dur- 
ing the  experiments,  and  no  sudden 
changes  in  compressibility  were  observed. 
The  red  shift  of  absorption  and  the  rapid 
increase  in  conductivity  are  not  charac- 
teristic of  known  physical  processes  in 
solids  at  these  pressures  and  may  be  re- 
lated to  unknown  properties  of  iron- 
bearing  insulating  oxide  crystals.  The 
data  are  not  consistent  with  surface 
mechanisms  but  are  likely  to  be  caused 
by  a  charge-transfer  process.  The  1-atm 
edge  in  olivine  at  3  eV  has  been  assigned 
as  a  band  caused  by  Fe3+-Fe2+  charge 
transfer  (Shankland,  1966) ,  but  it  is  at 


present  inconceivable  that  enough  Fe3+ 
could  be  available  in  olivine  to  cause  the 
absorption  shown  in  Fig.  98.  Instead,  it 
has  been  suggested  that  the  process  re- 
sults from  combined  Laporte-forbidden 
states  (Mao  and  Bell,  1972a).  A  simple 
closing  of  the  band  gap  owing  to  compres- 
sion would  not  occur  at  these  pressures 
but  a  charge-transfer  process  could.  The 
structural  positions  of  the  ions  that  link 
silica  tetrahedra  (Si044~)  in  the  olivine 
structure  might  favor  electron  transport 
by  polaron  and  exciton  processes.  If  a 
charge-transfer  process  such  as  Fe2+  to 
Fe+  should  occur,  semiconduction  could 
easily  occur  as  well.  Possibly,  the  states 
of  iron  can  be  identified  by  measuring 
Mossbauer  resonance  at  high  pressure. 

The  effects  may  be  important  geophys- 
ically  if  they  occur  in  the  deep  parts  of 
the  earth's  mantle  (500  km  to  the  mantle- 
core  boundary).  At  500  km,  which  cor- 
responds to  a  pressure  of  approximately 
100  kb,  the  seismic  discontinuity  (the  20° 
discontinuity)  is  accompanied  by  a  drop 
in  electrical  resistance  by  a  factor  of 
approximately  104,  which  may  be  ex- 
plained by  the  effects  observed  in  olivine 
and  spinel.  The  composition  of  the 
mantle  can  be  estimated  only  approxi- 
mately, however,  so  that  this  conclusion 
is  premature  (i.e.,  oxide-silicate  mixtures 
in  varying  proportions  should  be  tested). 
If  the  major  changes  in  absorption  and 
electrical  conductivity  of  the  mantle  are 
in  fact  caused  by  a  pressure  effect,  nu- 
merous changes  would  be  required  in 
theories  dealing  with  the  earth's  interior 
because  present  physical  models  of  the 
earth  are  based  on  the  exponential  Boltz- 
mann  relation  between  conductivity  and 
temperature.  If  the  Boltzmann  model  is 
incorrect,  the  temperature  profiles  would 
be  changed  drastically,  both  because  of 
the  electrical  effect  and  because  massive 
absorption  would  inhibit  radiative  trans- 
fer and  would  cause  a  major  thermal 
barrier  at  mantle  temperatures  and  pres- 
sures. Revised  electrical  and  thermal 
properties  of  the  mantle  would  also  re- 
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quire  changes  in  the  dynamo  models  of 
the  earth's  magnetic  field. 

Interpretation  of  the  Pressure  Effect 

on  the  Optical  Absorption  Bands  of 

Natural  Fayalite  to  20  kb* 

H.  K.  Mao  and  Peter  M.  Bell 

Major  absorption  bands  in  olivine  have 
been  assigned  to  known  electronic  transi- 
tions in  iron  caused  by  photon  absorption 
(Mao  and  Bell,  Year  Book  70).  Many 
small  intensity  bands  are  observed,  how- 
ever, whose  interpretation,  much  less 
assignment,  is  obscure.  The  ambiguities 
arise  because  the  weak  bands  are  difficult 
to  distinguish  in  the  background  produced 
by  other,  more  intense  absorption,  also 
caused  by  iron.  Recently,  high-resolution 
procedures  have  eliminated  most  of  the 
ambiguities,  and  it  is  now  possible  to 
accurately  measure  small  bands  (Bell 
and  Mao,  this  report) . 

The  low-intensity  bands  in  olivine 
could  be  caused  by  a  number  of  processes 
other  than  those  that  cause  the  major 
bands.  Most  such  processes  can  be  elimi- 
nated from  consideration  in  explaining 
bands  that  occur  in  all  iron-bearing 
olivines,  regardless  of  the  mode  of  origin 
of  the  olivines.  The  bands  either  are 
caused  by  crystal-field  effects  and  are 
sensitive  to  site  symmetry  or  are  charge- 
transfer  bands  and  therefore  are  insensi- 
tive to  symmetry.  The  shift  of  minor 
bands  as  a  function  of  pressure  can  be 
used  as  an  aid  to  classifying  them.  At 
present,  a  fully  rational  theoretical 
analysis  is  not  possible,  but  even  an 
empirical  understanding  of  the  low- 
intensity  bands  would  be  useful,  espe- 
cially when  there  is  supporting  chemical 
data.  For  example,  the  ability  to  dis- 
tinguish minor  bands  in  olivine  may  sig- 
nificantly aid  in  the  interpretation  of 
divalent  and  trivalent  iron  to  deduce  the 
state  of  oxidation  (Bell  and  Mao,  this 
report) . 

*  Work  supported  in  part  by  National  Science 
Foundation  grant  GA  22707. 


As  discussed  in  a  previous  report  (Bell 
and  Mao,  Year  Book  68) ,  the  Hund  rule 
of  maximum  spin  multiplicity  describes 
the  ground  state  in  a  weak  or  zero  field, 
and  the  Laporte  rule  forbids  d-d  transi- 
tions. Under  some  conditions,  however, 
overlap  of  orbital  wave  functions  occurs, 
causing  transitions  that  are  normally  for- 
bidden by  the  selection  roles.  Spin- 
forbidden  transitions  do  not  cause  intense 
absorption,  but  they  behave  much  like 
spin-allowed  bands,  in  contrast  to  charge- 
transfer  bands. 

It  is  thought  that  pressure  causes  a 
blue  shift  (higher  energy)  of  crystal-field 
bands  and  a  red  shift  (lower  energy)  of 
charge-transfer  bands  (Shankland,  1966; 
Zahner  and  Drickamer,  1961 ;  Mao  and 
Bell,  Year  Book  70;  Mao  and  Bell, 
19726).  This  generality  can  be  violated 
when  t2g  and  eg  are  further  split  into  sev- 
eral levels  for  a  site  of  low  symmetry. 
Pressure  distorts  the  site,  thus  causing  a 
change  in  the  pattern  of  splitting.  There- 
fore, the  energy  differences  between  some 
of  the  levels  may  decrease,  although  the 
average  A0  increases.  Other  exceptions 
may  exist  as  well. 

Figure  101  shows  high-pressure  polar- 
ized spectra  of  several  low-intensity 
peaks  of  a  single  crystal  of  natural  fayal- 
ite (Inyo  County,  California,  Mao  and 
Bell,  elsewhere  in  this  report;  for  a 
typical  olivine  absorption  spectrum,  see 
Bell  and  Mao,  this  report). 

The  pressure  shift  of  the  crystal-field 
bands  caused  by  Fe2+  in  the  Ml  octahe- 
dral site  can  be  seen  to  be  toward  higher 
energy  (Fig.  101A).  Fig.  101  A,  B  shows 
the  red  pressure  shifts  of  two  weak  bands 
that  are  at  present  not  assigned.  The 
preliminary  interpretation  is  that  these 
bands  are  caused  by  charge  transfer 
transition  in  Fe3+. 

Most  reported  absorption  spectra  for 
olivine  contain  the  bands  shown  in  Fig. 
101  (Burns,  1970) .  The  olivine  structure 
cannot  accommodate  much  Fe3+  (less 
than  1  wt  %  ;  Bragg  and  Brown,  1926)  in 
comparison  with  Fe2+.    It  is  conceivable 
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Fig.  101.   High-pressure  polarized  optical  spectra  of  three  absorption  bands  in  fayalite.    (A) 
15,000-17,000  cm"1,  (B)  21,800-22,600  cm"1,  (C)   6000-15,000  cm"1. 


Wave   number, cnrH 
22,600  22,400 22,200 22,000 


21,800 


0.36 


0.34 


0.32 


i T 

22,039cm-1    25kb 


0.30 
440 


III I I 1 I I I 1 I 1 1 L 


445 


450 
Wavelength,  nm 


455 


460 


526 


CARNEGIE     INSTITUTION 


0.3 


15,000 


i — i — i — i r 


Foyalite 
$  spectra 


Wave  number,  cm-1 
10,000 


7,000 


600 


800 


1000 


1200 


1400 


1600 


Wavelength,  nm 


GEOPHYSICAL     LABORATORY 


527 


that  the  sites  available  for  Fe3+  are 
usually  filled  regardless  of  the  amount  of 
Fe2+  present.  The  interpretation  was  first 
suggested  in  part  by  Shankland  (1966) 
on  the  basis  of  observations  of  the  bands 
in  forsterite  before  and  after  treatment 
with  hydrogen  gas.  The  band  energies 
are  not  inconsistent  with  values  calcu- 
lated for  charge-transfer  transitions  in 
Fe3+  (Tanabe  and  Sugano,  1954)  and  are 
similar  to  those  measured  for  Fe3+  in 
MgO  (G.  A.  Slack,  communication  in 
Shankland,  1966). 

If  the  interpretation  of  these  minor 
absorption  bands  in  olivine  is  valid,  it 
provides  a  powerful  tool  for  estimating 
the  lower  limit  of  oxidation  in  olivine- 
bearing  rocks.  The  fact  that  these  bands 
occur  in  lunar  olivine  (Mao  and  Bell, 
19726)  suggests  that  Fe3+  occurs  on  the 
moon. 

Crystal-Field  Stabilization  of  the 
Olivine-Spinel  Transition* 

H.  K.  Mao  and  P.  M.  Bell 

The  olivine-spinel  transition  is  thought 
to  be  of  major  importance  in  the  earth's 
mantle,  and  much  effort  has  been  made 
to  characterize  the  transition.  Syono, 
Tokonami,  and  Matsui  (1971),  using 
traditional  arguments  based  on  ionic 
radius  ratios,  have  calculated  that  the 
pressure  of  the  transition  of  fayalite  to 
spinel  (both  Fe2Si04)  occurs  at  150  kb, 
1000 °C.  They  noted  the  large  discrep- 
ancy between  their  calculated  value  and 
the  experimentally  determined  value  of 
50  kb,  1000°C  (Akimoto,  Komada,  and 
Kushiro,  1967)  and  pointed  to  the  inade- 
quacy of  the  theory. 

It  is  known  that  the  geochemical  con- 
trol and  partitioning  of  iron  are  governed 
by  crystal-field  effects  rather  than  by  the 
traditional  rules  of  electronegativity 
(Curtis,  1964).  Syono,  Tokonami,  and 
Matsui  (1971)  concluded  that  the  same 
effects  could  influence  the  olivine-spinel 

*  Work  supported  in  part  by  National  Science 
Foundation  grant  GA  22707. 


transition  and  could,  in  part,  explain  their 
failure  to  predict  the  pressure.  The  pres- 
ent study  is  a  direct  measurement  of  the 
crystal-field  energy  in  spinel  and  its  rela- 
tion to  the  transition  pressure. 

The  crystal-field  spectrum  of  synthetic 
spinel  (Fe2Si04)  was  measured  with  a 
newly  developed,  high-resolution  tech- 
nique (Bell  and  Mao,  this  report).  Figure 
102  shows  a  plot  of  the  spectrum.  A 
strong  absorption  band  centered  at  11,100 
cm"1  is  caused  by  Fe2+  in  the  octahedral 
site.  Comparison  of  this  value  with  crys- 
tal-field parameters  for  Fe2+  in  octahedral 
sites  in  olivine  (Ml  and  M2)  gives  the 
relative  stabilization  of  the  structures. 
The  excess  or  difference  in  crystal-field 
stabilization  energy  (CFSE)  is  given  by 

Cr  SFispinei  —  CFSE0iivine  = 

(2/5)  L2Agpinel  —  (A0iivine(Mi)  + 

A0livine(M2))  J,        (1) 

where  A  is  the  crystal-field  splitting  pa- 
rameter. 

Using  the  wave-number  value  from 
Fig.  102  for  spinel  and  the  values  of 
Burns  (1970)  for  olivine, 

Cr  bJlispinei  —  CFSEoiivine  = 

2084  cm"1  per  molecule  = 

249.3  kb  cm3/mole. 

(2) 

At  constant  temperature,  the  relationship 
between  the  true  pressure  of  the  transi- 
tion—the pressure  of  the  transition  cal- 
culated without  considering  the  crystal- 
field  effect — and  the  excess  crystal-field 
stabilization  energy  is  given  by 

CFSEgpinei  —  CFSEoiivine 

rpt  +  ap 

=  /  AV  dP, 

J    Pt  (3) 

where  Pt  is  the  true  pressure  of  the  tran- 
sition; Pt  -\-  AP  is  the  pressure  of  the 
transition  calculated  by  Syono,  Toko- 
nami, and  Matsui  (1971) ;  AV  is  V 
(olivine)  —  V (spinel);  V  is  the  specific 
volume. 

The  AV  term  is  corrected  for  thermal 
expansion  to  approximately  1000  °C  (1% 
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correction) .  The  volume  at  high  pressure 
is  calculated  from  the  equation  of  state 
(Birch,  1952), 

(4) 

where  the  zero  subscripts  of  K  (bulk 
modulus)  and  V  (volume)  denote  1-atm 
values.  The  values  for  V0  and  K0  are 
given  by  Mao  (1967)  and  Mao  et  al. 
(1969)  at  25°C  as  follows: 

Olivine 

V0  =  46.39  cmVmole,  K0  —  1.10  Mb; 
Spinel 

V0  =  42.03  cmVmole,  K0  =  2.12  Mb. 

(5) 

Substituting  the  values  from  equations 
2  and  5,  AP  is  calculated  from  equation  3 
to  be  98  kb,  suggesting  that  the  entire 
discrepancy  of  Syono,  Tokonami,  and 
Matsui  (1971)  is  explained  by  the  crys- 
tal-field effect.  This  effect  appears  large 
but  is  consistent  with  the  known  variation 
of  the  crystal-field  parameter  (A)  with 


the  inverse  of  the  fifth  power  of  atomic 
distance  (Bell  and  Mao,  Year  Book  68). 

A  Study  of  Ferric  and  Ferrous  Ions  in 

Three  Natural  Pyroxenes  and 

One  Synthetic  Pyroxene 

The  oxidation  state  of  iron  in  pyrox- 
enes has  become  an  important  factor  in 
the  study  of  igneous  petrology,  both  lunar 
and  terrestrial.  Lunar  samples  are  greatly 
reduced  chemically  (P02  *=*=*  10"13  atm; 
Haggerty  et  al.,  1970) ,  in  contrast  with 
terrestrial  lavas  thought  to  have  origi- 
nated in  the  earth's  crust  (10"5  <  Po2  < 
1  atm;  Upton,  Year  Book  70).  Composi- 
tions of  other  terrestrial  lavas  fill  the 
intermediate  ranges  of  oxidation.  The 
average  lavas  from  Hawaii  that  have 
experienced  partial  pressures  of  oxygen 
on  the  order  of  10"6  atm  are  believed  to 
be  representative  of  the  earth's  upper 
mantle  (Sato  and  Wright,  1966).  The 
basalts  from  Disco  Island,  off  the  east 
coast  of  Greenland,  contain  free  iron  and 
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have  been  chemically  reduced  at  a  partial 
pressure  of  oxygen  corresponding  to  ap- 
proximately 10~9  atm  (Pauly,  1969) . 

Traditional  analytical  methods  for 
measuring  the  ferrous-to-ferric  ratio  in 
rocks  are  not  convenient  for  small  sam- 
ples, but  modern  techniques  based  on 
nuclear  processes  and  the  principles  of 
group  theory  are  highly  sensitive  on  the 
scale  of  single  crystals.  The  application 
of  these  techniques  has  lacked  sufficient 
calibration  of  documented  samples,  and 
the  present  study  is  a  step  toward  elimi- 
nating this  deficiency.  Two  complemen- 
tary spectral  techniques,  crystal-field 
splitting  and  57Fe  Mossbauer  resonance, 
were  applied  to  the  same  samples.  The 
crystal-field  technique  has  exceptionally 
high  sensitivity  for  detecting  both  ferrous 
and  ferric  ions  in  a  single  crystal  (parts  in 
10  thousand) ,  and  depending  on  the  elec- 
tronic mechanism  of  absorption,  the  data 
can  be  resolved  to  determine  the  charac- 
teristics of  bonding  and  coordination  at 
the  atomic  site  of  the  crystal.  Mossbauer 
resonance  is  also  sensitive  in  detecting 
ferrous  and  ferric  ions  (parts  in  1  thou- 
sand), and  the  spectra  generally  provide 
more  information  than  crystal-field  spec- 
tra in  deducing  the  symmetry  of  bonding 
and  coordination  of  the  iron  cations. 
Since  the  techniques  vary  in  their  sensi- 


tivity to  different  structures  and  bonding 
characteristics,  their  combined  applica- 
tion provides  a  more  powerful  tool  than 
either  one  separately.  Crystals  for  the 
present  study  were  chosen  for  their  high 
ferric  content.  A  clinopyroxene  from 
Garder  igneous  province,  Tugtutoq,  south 
Greenland,  was  provided  by  B.  G.  J. 
Upton  (Year  Book  70,  pp.  112-118).  A 
pair  of  orthorhombic  and  monoclinic 
pyroxenes  from  the  same  rock,  sampled 
on  Kolbeinsey  Island  near  east  Iceland 
(Sigurdsson  and  Brown,  1970) ,  were  pro- 
vided by  G.  M.  Brown.  H.  G.  Hucken- 
holz  provided  a  ferri-diopside  synthesized 
at  the  Geophysical  Laboratory  (Hucken- 
holz,  Schairer,  and  Yoder,  1969) . 

The  sample  from  south  Greenland  is 
composed  of  clear,  orange-yellow  grains, 
which  are  translucent  to  transparent.  In 
contrast,  the  samples  from  Kolbeinsey 
Island  vary  in  color  from  pale  yellow, 
clear  crystals  to  reddish-brown  opaque 
grains.  In  reflected  light,  the  opaque 
crystals  appear  to  have  a  transparent 
yellow  rim  with  the  interiors  of  the  grains 
filled  with  minute  inclusions.  The  crys- 
tal-field spectra  of  the  Kolbeinsey  Island 
samples  were  taken  using  transparent 
crystals,  whereas  the  57Fe  resonance 
spectra  were  made  on  a  polycrystalline 
sample  of  the  clinopyroxene. 


TABLE  54.    Chemical  Analysis  of  Clinopyroxene  from  Kolbeinsey  Island 


Oxide, 

Standard 

wt  % 

Deviations! 

FormulaJ 

Si02 

51.21 

±0.484 

1.8568 

Ti02 

0.45 

±0.055 

0.01221 

A1203 

3.25 

±0.063 

0.1390 

Cr203 

0.40 

±0.191 

0.0113 

Fe203* 

6.10 

0.1664 

FeO 

5.49 

±0.406 

MnO 

0.20 

±0.035 

0.0061 

'2.0542 

MgO 

16.88 

±0.707 

0.9121 

CaO 

20.33 

±0.598 

0.7898 

Na20 

0.22 

±0.430 

0.0152 

P206 

0.07 

±0.004 

0.0021, 

Total 

99.12 

*  Total  Fe  calculated  as  Fe203  from  "Fe  Mossbauer  experiments. 
t  Standard  deviations  determined  from  eleven  spot  determinations. 
t  On  the  basis  of  six  oxygen  atoms. 
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The  pyroxene  crystals  have  been  ana- 
lyzed for  major-element  concentrations 
and  for  the  oxidation  states  of  iron 
(Huckenholz,  Schairer,  and  Yoder,  1969, 
synthetic;  Sigurdsson  and  Brown,  1970, 
orthopyroxene  and  clinopyroxene  from 
Kolbeinsey  Island ;  Upton,  personal  com- 
munication, 1971,  clinopyroxene  from 
south  Greenland).  Electron  microprobe 
analyses  of  the  present  crystals  are  given 
in  Tables  53  and  54.  Some  differences  in 
the  major-element  composition  of  the 
clinopyroxene  from  Kolbeinsey  Island 
(c/.  Table  53,  line  1,  and  Table  54)  may 
reflect  the  difference  between  the  opaque 
and  transparent  grains.  The  latter  sam- 
ples also  appear  to  be  slightly  zoned  in 
comparison  with  the  south  Greenland 
sample. 

Crystal-Field  Determinations  of  Fe3+ 
P.  M.  Bell  and  H.  K.  Mao 

The  assignment  of  crystal-field  absorp- 
tion bands  for  ferric  (Fe3+)  and  ferrous 
(Fe2+)  ions  in  silicate  minerals  is  not 
well  established,  but  the  present  samples 
(Tables  53  and  54)  and  technique  (Mao 
and  Bell,  elsewhere  in  this  report)  provide 
a  rare  opportunity  to  study  the  Fe3+  ion, 
at  least  empirically.  Comparison  of  the 
results  with  the  complementary  Moss- 
bauer  study  in  the  following  section  sup- 
ports the  interpretation.  The  main  pur- 
pose of  this  part  of  the  study  is  to 
identify  absorption  bands  caused  by  Fe3+ 
for  general  application  to  pyroxenes. 

The  crystal-field  approximation  for 
pyroxene  is  basically  an  ionic  model  in 
which  the  bonding  d  electrons  of  the  iron 
atoms  are  influenced  by  an  electrostatic 
field  of  low  symmetry  from  the  coordinat- 
ing oxygen  atoms.  The  electronic  charges 
on  the  central  atom  and  coordinating 
ligands  are  localized,  and  therefore  mixed 
states  are  not  considered  in  the  model. 
Effects  of  an  octahedral  field  on  iron  can 
be  directly  calculated  from  group  theory 
(Cotton,  1963) .  All  transitions  excited  at 
optical  energies  can  be  predicted,  but  the 


main  mechanism  of  absorption  in  Fe3+  is 
more  complex  than  the  constraints  of  this 
theory.  Most  transitions  calculated  by 
the  crystal-field  approximation  are  for- 
bidden by  the  nature  of  the  spin  states  in 
Fe3+,  both  ground  and  excited.  Instead,  a 
poorly  understood  mechanism  involving 
both  the  iron  d  electrons  and  the  oxygen 
p  electrons  occurs  in  Fe3+,  causing  a 
strong  spin-allowed  transition  (Shank- 
land,  1966).  The  process  involves  the 
transfer  of  an  electron  from  ligand  to 
cation  by  absorbing  a  photon. 

A'n  absorption  band  with  all  of  the 
characteristics  of  charge  transfer  was  ob- 
served in  the  four  pyroxenes  chosen  for 
this  study.  The  band  occurs  at  approxi- 
mately 22,200  cm"1,  which  is  equivalent 
in  energy  to  a  transition  calculated  from 
the  ground  state,  6Aig,  to  an  excited  state, 
*Aig,  4Eg,  in  octahedrally  coordinated  Fe3+ 
(Shankland,  1966) .  The  absorption  is 
sharp  and  intense,  as  would  be  predicted 
for  an  allowed  transition  that  was  not 
influenced  by  a  symmetrical  field.  This 
band  is  not  observed  in  lunar  pyroxenes 
containing  only  Fe2+  and  evidently  is 
caused  entirely  by  Fe3+  in  the  present 
samples. 

Figure  103  shows  polarized  spectra  for 
the  Greenland  and  Kolbeinsey  pyroxenes. 
The  Greenland  pyroxene  absorbs  only  in 
the  region  near  22,200  cm"1,  suggesting 
that  all  iron  is  present  as  Fe3+.  The  crys- 
tal also  contains  a  significant  amount  of 
titanium  (Table  53) ,  which  causes  no 
absorption  because  the  oxidation  level  is 
high  and  probably  only  Ti4+  is  present. 
(The  four-valent  titanium  ion  would  not 
be  likely  to  form  a  coupled  transition 
unless  Fe2+  or  Ti3+  were  also  present.) 

Absorption  in  the  Kolbeinsey  pyrox- 
enes is  nearly  identical  with  the  absorp- 
tion of  the  Greenland  pyroxene  at  22,200 
cm"1.  Additionally,  the  Kolbeinsey  py- 
roxenes absorb  at  approximately  9830 
cm"1,  corresponding  to  the  energy  of  a 
known  crystal-field  band  in  Fe2+  (Bell 
and  Mao,  elsewhere  in  this  report).  The 
presence  of  Fe2+  suggests  less  reduction; 
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the  Fe3+/Fe2+  ratio,  estimated  from  the  diopside.    Also    shown   are   unpolarized 

spectra,  is  approximately  10:1.  spectra  of  polycrystalline  samples  of  the 

Figure  104  shows  the  unpolarized  spec-  Greenland    and    Kolbeinsey    pyroxenes. 

tra    of    polycrystalline    synthetic    ferri-  The  band  attributed  to  Fe3+  is  easily  re- 
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solved  in  the  spectra,  although  it  is 
slightly  broadened  owing  to  increased 
scattering  at  the  grain  boundaries.  The 
band  tails  into  the  visible  region,  causing 
the  yellow  color.  Absorption  from  Fe2+ 
cannot  be  distinguished  because  of  the 
lack  of  polarization. 

In  addition  to  supporting  evidence  by 
Mdssbauer  resonance  (below) ,  the  factors 
on  which  the  band  assignments  for  Fe3+ 
are  based  are  summarized  as  follows:  (a) 
The  observed  transition  energy  (wave 
numbers)  and  intensity  (absorption  co- 
efficient) are  closely  approximated  by 
the  values  theoretically  predicted  for 
charge-transfer  in  Fe3+.  (b)  The  intense 
band  at  22,200  cm"1  is  not  observed  in 
pyroxenes  containing  only  Fe2+  but  is 
observed  in  the  four  pyroxenes  of  this 
study  that  are  known  from  prior  chemical 
analyses  to  contain  significant  Fe3+.  (c) 
No  other  elements  in  the  four  pyroxenes 
could  cause  absorption  with  the  observed 
intensity  and  energy  of  the  band  at 
22,200  cm"1. 

The  synthetic  pyroxene  was  crystal- 
lized from  a  glass  made  of  purified  chem- 
ical reagents.  The  absorption  band  at 
22,200  cm"1  (2.8  eV)  in  these  particular 
pyroxenes  is  clearly  related  to  their  Fe3+ 
content.  The  steep  shoulder  at  energies 
above  25,000  cm"1  suggests  that  several 
other  strong  peaks,  also  caused  by  Fe3+, 
occur  in  the  ultraviolet  region.  Most 
natural  pyroxenes  contain  much  less  Fe3+, 
but  the  band  should  be  sufficiently  intense 
for  identification,  even  for  minor  amounts 
( hundredths  of  a  weight  percent) ,  if  the 
postulated  process  of  charge-transfer 
occurs. 

57Fe  Mdssbauer  Analyses  of  Fe3+ 
Clinopyroxenes 

D.  Virgo 

57Fe  Mdssbauer  resonant  spectra  of 
synthetic  ferri-diopsides  have  been  previ- 
ously reported  by  Hafner  and  Hucken- 
holz  (1971).  Part  of  the  spectra  consists 
of  two  overlapping  doublets  correspond- 


ing to  ferric  iron  in  the  tetrahedral  and 
octahedral  sites.  The  doublets  are  re- 
solved only  at  low  velocities,  but  relative 
values  of  their  intensities  can  be  used  for 
Fe3+  site-distribution  studies.  In  each  of 
the  three  synthetic  samples  studied  by 
Hafner  and  Huckenholz,  a  small  contri- 
bution corresponding  to  ferrous  iron  was 
observed  by  them  (approximately  5-10% 
of  the  total  iron  concentration).  The  ab- 
sence of  an  Fe2+  contribution  in  the  ab- 
sorption spectrum  (Fig.  103)  is  almost 
certainly  attributable  to  unpolarized 
measurements  on  a  polycrystalline 
sample. 

Room-temperature  spectra  of  the  two 
natural  ferri-diopsides  are  plotted  in  Figs. 
105  and  106.  The  spectra  are  of  low  reso- 
lution because  of  low  iron  abundance. 
Sample  disks  of  the  Kolbeinsey  and 
Greenland  pyroxenes  contained  0.8  and 
2.8  mg  Fe/cm2,  respectively.  Both  spec- 
tra are  closely  similar  to  those  of  the  syn- 
thetic ferri-diopside,  showing  two  over- 
lapping and  partially  resolved  doublets. 
Curve  fitting  was  applied  with  the  con- 
straint that  the  full  width  at  half  peak- 
height  was  assumed  to  be  equal  for  the 
lower  velocity  peaks  (Figs.  105  and  106). 
The  approximated  positions  of  the  con- 
strained data  were  then  used  to  fit  the 
raw  data.  Line  widths  varied  between 
0.45  and  0.55  mm/sec  and  are  similar  to 
those  reported  by  Hafner  and  Hucken- 
holz. Absorption  peaks  due  to  Fe2+  were 
tentatively  confirmed  for  the  Kolbeinsey 
sample  (Fig.  106,  also  Fig.  103),  and  an 
approximate  value  of  0.1  is  obtained  for 
the  Fe2+/(Fe2+  +  Fe3+)  ratio. 

Preliminary  values  of  the  hyperfine 
parameters  (quadrupole  splittings  and 
isomer  shifts)  are  listed  in  Table  55  with 
data  for  a  synthetic  sample  that  contains 
10%  ferri-Tschermak's  molecule.  The 
isomer  shift  at  the  tetrahedral  position  is 
comparable  to  that  of  the  synthetic  sam- 
ple, and  the  small  values  are  consistent 
with  a  strong  degree  of  covalency  in  the 
Fe3+-02"  bands.  These  values  are  similar 
to  those  reported  for  Fe3+  in  the  tetrahe- 


GEOPHYSICAL     LABORATORY 


535 


-.020- 


-4.00       -3.20       -2.40       -1.60       -.80         .00  .80  1.60         2.40         3.20       4.00 

VELOCITY  mm/sec 

Fig.  105.   "Fe  absorption  spectrum  of  ferriaugite  from  Kolbeinsey  Island  taken  at  room  tem- 
perature. Solid  line  is  a  least-squares  fit  to  the  data  using  ten  free  variables. 
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Fig.  106.   "Fe  absorption  spectrum  of  ferriaugite  from  south  Greenland  taken  at  room  tempera- 
ture.  Solid  line  is  a  least-squares  fit  to  the  data  using  ten  free  variables. 
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dral  sites  of  sapphirine  (0.28-0.31  mm/ 
sec ;  Bancroft,  Burns,  and  Stone,  1968) , 
and  orthoclase  (0.46  mm/sec ;  Brown  and 
Pritchard,  1969).  The  quadrupole  split- 
tings for  the  4-  and  6-fold  coordinated 
sites  are  significantly  smaller  than  for  the 
synthetic  samples,  indicating  a  more  dis- 
torted arrangement  of  the  oxygen  atoms 
in  these  distinct  sites.  The  quadrupole 
splitting  at  the  tetrahedral  sites  is  still 
considerably  larger  than  for  the  com- 
parable 4-fold  sites  (Tx,  T5)  in  sapphirine 
(0.78-1.37  mm/sec;  Bancroft,  Burns,  and 
Stone,  1968)  and  for  the  Sii  and  Si2  sites 
in  orthoclase  (0.68  mm/sec;  Brown  and 
Pritchard,  1969).  Hafner  and  Huckenholz 
interpreted  these  comparatively  larger 
values  in  terms  of  the  strong  distortion 
of  the  Si  sites  in  diopside  (mean  cation- 
anion  distance  is  1.634;  Clark,  Apple- 
man,  and  Papike,  1969)  compared  with 
the  more  regular  sites  in  sapphirine  and 
orthoclase  (mean  cation-anion  distances 
are,  respectively,  1.771  and  1.755  for  Ti 
and  T5,  Moore,  1969;  1.633  and  1.652  for 
Sii  and  Si2,  Jones  and  Taylor,  1961). 

The  distribution  of  trivalent  iron  be- 
tween the  two  distinct  coordination  sites 
in  the  natural  ferri-diopsides  can  be  cal- 
culated from  the  area  ratios  of  the  two 
partially  resolved,  low-velocity  peaks. 
The  area  ratios  averaged  from  both  sides 
of  the  spectrum  are  0.23  for  the  Kol- 
beinsey  and  0.40  for  the  Greenland  sam- 
ples. Calculated  tetrahedral  site  popula- 
tions (on  the  basis  of  six  oxygen  atoms) 
for  Fe3+  are  0.04  and  0.10  (atoms)  for  the 
Kolbeinsey  and  Greenland  samples,  re- 
spectively, corresponding  to  approxi- 
mately 5  and  12%  ferri-Tschermak's 
molecule,  (CaFe3+)  (Fe3+Si)06,  respec- 
tively. The  natural  samples  contain  sig- 
nificantly less  than  the  maximum  degree 
of  solid  solution  of  this  molecule  in  diop- 
side (—33.0  wt  %  at  1157°C;  Hucken- 
holz, Schairer,  and  Yoder,  1969). 

These  results  confirm  that  the  state  of 
iron  in  these  pyroxenes  is  predominantly 
trivalent.  The  variation  of  the  Fe3+ 
tetrahedral  occupancy  is  consistent  with 


different  amounts  of  ferri-Tschermak's 
molecule.  A  balance  of  octahedral  Fe3+ 
in  both  samples  suggests  the  possibility 
of  other  Fe3+-type  substitutions,  for  ex- 
ample, (NaFe)(AlSi)06,  CaFe3+  (AlSi)06. 
It  can  be  suggested  that  the  Kolbeinsey 
crystals  are  all  similar  in  composition  and 
iron  oxidation  state.  If  so,  these  composi- 
tions would  certainly  be  displaced  from 
the  equilibrium  trends  usually  plotted  on 
the  pyroxene  quadrilateral  and  defined 
by  analyses  of  clino-  and  orthopyroxenes 
from  the  Skaergaard  (Brown  and  Vin- 
cent, 1963)  and  the  Bushveld  (Atkins, 
1969) .  In  particular,  the  high  Fe3+/Fe2+ 
ratio  and  high  wollastonite  content  of  the 
orthorhombic  pyroxene  add  a  further 
variable  to  be  considered  in  understand- 
ing the  phase  relationships  (Sigurdsson 
and  Brown,  1970) . 

Comparison  op  the  Crystal-Field 

Spectra  of  Natural  and  Synthetic 

Chrome  Diopside* 

H.  K.  Mao,  P.  M.  Bell,  and  John  S.  Dickey,  Jr. 

Oxidation  states  may  be  critical  in  de- 
termining crystal-liquid-vapor  partition- 
ing of  chromium  in  igneous  rocks.  Crys- 
tal-field effects  on  trivalent  chromium 
cause  stabilization  in  an  octahedrally  co- 
ordinated crystalline  site.  The  concentra- 
tion of  Cr3+  in  the  first-formed  crystals 
of  a  cooling  magma,  at  the  cost  of  deplet- 
ing the  liquid  fraction,  can  thus  be  easily 
explained  (Curtis,  1964).  In  contrast,  the 
atomic  bonding  of  divalent  chromium  is 
much  more  complex,  the  Cr2+  ion  actually 
changing  the  crystal  field  and  altering  the 
site  symmetry  and  the  bonding  because 
of  the  Jahn-Teller  effect  (Orgel,  1966). 

Not  all  of  the  effects  associated  with 
the  octahedral  crystal  fields  in  diopside 
have  been  explained.  Comparison  of  the 
crystal-field  spectra  of  synthetic  and  na- 
tural diopsides,  however,  may  provide 
some  insight  into  the  origin  of  the  spectra. 
No  attempt  has  been  made  to  assign  the 

*  Work  supported  in  part  by  National  Science 
Foundation  grant  GA  22707. 
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bands  and  colors  to  specific  transitions 
in  chromium.  Rather,  the  purpose  has 
been  to  measure  the  spectra  accurately 
and  to  compare  the  similarities  and 
differences,  providing  only  the  most  pre- 
liminary explanations.  The  significance 
of  the  results  lies  in  the  fact  that  the 
samples  have  experienced  entirely  differ- 
ent modes  of  formation.  The  two  samples 
used  in  this  study  are  green  (natural) 
and  blue  (synthetic) ;  conventionally, 
they  might  be  thought  to  contain  Cr3+ 
and  Cr2+,  respectively. 

The  natural  specimen  is  a  chrome  diop- 
side  from  a  websterite  layer  in  the  Ser- 
rania  de  la  Ronda  peridotite  massif. 
Electron  microprobe  analysis  shows  that 
it  contains  a  minor  amount  of  iron,  a  fact 
which  must  be  noted  in  analyzing  the 
crystal-field  spectra  (Table  56).  The 
igneous  rock  from  which  these  crystals 
were  selected  was  believed  to  have  formed 
initially  in  the  earth's  upper  mantle  or 
lower  crust.  The  green  color  of  the  crys- 
tals is  typical  of  chrominum  in  the  triva- 
lent  state,  which  is  the  common  state  for 
chromium  in  this  type  of  rock. 

The  history  of  the  synthetic  crystals 
(Table  56)  is  more  complicated.  The 
experiments  in  which  they  were  formed 
suggest  that  they  crystallized  from  vapor 
(Dickey,  Yoder,  and  Schairer,  Year  Book 
70,  p.  118).  All  of  the  crystals  are  blue, 
and  they  grew  on  green  glass  that  was 
quenched  in  air  in  a  covered  Pt  crucible 
from  > — 1450 °C.  The  textures  are  entirely 
consistent  with  growth  during  vapor- 
quench.  If  the  green  glass  contains  triva- 
lent  chromium  and  the  quench  crystals 
contain  divalent  chromium,  a  very  large 
difference  in  oxygen  fugacity  between 
liquid  and  vapor  would  be  suggested. 
This  possibility  is  not  likely  unless  the 
experimental  conditions  were  other  than 
those  intended.  It  is  more  likely  that  a 
rare  state  of  chromium  was  stabilized 
during  the  quench.  The  quench  crystals 
are  themselves  metastable,  and  it  is  pos- 


sible that  platinum,  vaporized  from  the 
crucible,  could  be  a  minor  impurity. 

The  polarized  spectra  can  be  compared 
in  the  adjoining  figures.  Figure  107  shows 
the  bands  for  a  crystal  of  the  natural 
chrome  diopside.  The  bands  located  near 
10,000  cm"1  are  caused  by  octahedrally 
coordinated  Fe2\  The  other  bands  appear 
to  be  caused  only  by  chromium.  In  Fig. 
108,  spectra  of  the  iron-free  synthetic 
chrome  diopside  are  shown.  The  bands 
at  approximately  22,500  cm"1  correspond 
to  bands  at  approximately  21,500  cm"1 
in  Fig.  107.  New  bands  appear  near 
17,000  cm"1  m  Fig.  108,  superimposed  on 
the  bands  and  shoulders  at  approximately 
15,000  cm"1  that  are  prominent  in  Fig. 
107.  One  interpretation  is  that  the  syn- 
thetic pyroxene  contains  two  states  of 
chromium.  Two  other  bands  at  approxi- 
mately 13,200  and  9500  cm"1  also  occur 
in  the  spectra  of  the  synthetic  crystal. 
Interestingly,  these  energies  are  nearly 
the  same  as  those  calculated  for  octahe- 
drally coordinated  Cr2+  in  the  lunar 
olivine  (Haggerty  et  al.,  1970) . 

To  conclude  definitely  that  the  syn- 
thetic pyroxene  contains  both  Cr2+  and 
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Fig.    107.     Polarized    absorption    spectra    of 
green  natural  chrome  diopside. 
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Fig.  108.  Polarized  absorption  spectra  of  blue  synthetic  chrome  diopside. 


Cr3+,  as  opposed  to  only  Cr3+  in  the 
natural  pyroxene,  would  be  unjustified 
at  this  stage.  Nevertheless,  it  is  clear  that 
the  quench  crystals  have  a  changed  state 
of  chromium.  Defects  or  minor  impurities 
in  the  crystals  could  be  responsible. 


The  Oxidation  State  of  Iron  in  the 
Orgueil  Meteorite 

D.  Virgo 

The  Orgueil  meteorite  is  type  C\  (clas- 
sification of  Van  Schmus  and  Wood, 
1967)  and  was  observed  to  fall  in  south- 
ern France  in  1864.  Since  that  time  there 
has  been  some  debate  over  the  identifica- 
tion and  chemistry  of  its  constituent 
phases,  in  particular  the  oxidation  state 
of  iron.  Some  of  these  difficulties  result 
from  the  fine-grained  nature  of  the 
meteorite.  Bostrom  and  Fredriksson 
(1966),  for  example,  gave  a  calculated 
mineral   composition   for  the   meteorite 


and  show  that  the  principal  iron-bearing 
minerals  of  interest  to  this  study  (volume 
percentages)  are  layer  silicates  {< — 60), 
magnetite  (> — 6.0),  troilite  ( — 4.6),brun- 
nerite  (< — -2.8),  and  limonite  (. — 0.5). 
Bass  (1971)  gave  a  more  detailed  petro- 
graphic  description,  which  shows  princi- 
pally that  the  opaque  grains,  low-temper- 
ature minerals,  and  clasts  made  up  of  a 
fine-grained  layer  silicate  are  scattered 
through  a  matrix  that  is  also  comprised 
principally  of  fine-grained  layer  silicates. 
Several  attempts  have  been  made  to 
identify  the  postulated  matrix  minerals 
with  terrestrial  silicates.  (Kvasha  1948, 
1963;  DuFresne  and  Anders,  1962;  Ker- 
ridge,  1962,  1964;  Nagy,  Meinschein,  and 
Hennessy,  1963;  Nagy,  1966;  Bostrom 
and  Fredriksson,  1966).  More  recently 
Bass  (1971),  using  modern  techniques  of 
X-ray  diffraction  for  studies  of  clays, 
reasonably  identified  two  major  phases, 
serpentine  and  montmorillonite,  which  he 
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concluded  predominantly  represent  the 
fine-grained  platy  minerals  in  the  Orgueil 
meteorite.  He  suggested  that  the  previous 
erratic  findings  of  other  workers  might 
have  resulted  from  failure  to  separate  the 
flakes  sufficiently  to  obtain  a  preferred 
orientation  on  the  X-ray  slides. 


This  study  reports  57Fe  Mossbauer  re- 
sults on  a  representative  sample  of  the 
Orgueil  meteorite  (G.  Herzog  and  Virgo, 
in  preparation).  To  obtain  a  concen- 
trated sample  of  the  layer  silicate  a  frac- 
tion of  the  homogenized  powder  (- — -1  g) 
was  combined  with  50  ml  of  saturated 


-10.0        -8.0        -6.0        -4.0         -2.0  .0  2.0 

VELOCITY 
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6.0  8.0 
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Fig.  109.  "Fe  Mossbauer  spectrum  of  untreated  Orgueil  meteorite  at  298°K.  The  bar  spectrum 
shows  the  assignment  of  peaks  to  magnetite  and  troilite.  The  solid  line  is  an  eleven-line  fit  (34 
free  variables)  to  the  data. 
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Fig.  110.  "Fe  Mossbauer  spectrum  of  the  chemically  treated  Orgueil  meteorite  at  298°K.  The 
bar  spectrum  shows  the  assignment  to  Fe3+  and  Fe2+.  The  solid  line  is  a  three-line  fit  (ten  free 
variables)  to  the  data. 


LiCl  solution,  stirred  magnetically  at 
55 °C  for  3  days.  Magnetic  grains  of  the 
disaggregated  sample,  magnetite  and  Fe 
metal  that  clung  to  the  magnetic  stirring 
bar,  were  subsequently  removed.  The 
remaining  silicate  material  was  centri- 


fuged  and  washed  repeatedly  with  dis- 
tilled water.  The  57Fe  Mossbauer  experi- 
ments were  made  on  this  separated  mate- 
rial as  well  as  on  the  untreated  meteorite 
powder  at  room  temperature.  The  un- 
treated sample  was  run  as  described  by 


544 


CARNEGIE     INSTITUTION 


Virgo,  elsewhere  in  this  report,  but  the 
chemically  treated  sample  was  run  with 
a  400-multichannel  analyzer  using  the 
techniques  discussed  in  Virgo  and  Hafner 
(1969). 

The  spectra  of  both  samples  are 
given  in  Figs.  109  and  110.  The 
untreated  Orgueil  sample  shows  an 
eleven-line  pattern,  which  is  comprised  of 
a  magnetite  spectrum  and  a  layer-silicate 
spectrum  (Fig.  109) .  A  room  tempera- 
ture spectrum  of  pure  magnetite  (Weber 
and  Hafner,  1971)  is  theoretically  com- 
posed of  2  six-line  magnetic  patterns  (c/. 
bar  spectrum,  Fig.  109).  One  pattern  is 
due  to  Fe3+  on  the  tetrahedral  sites,  and 
the  other  is  due  to  a  mixture  of  iron 
valence  sites  on  the  octahedral  sites 
(Weber  and  Hafner,  1971).  In  Fig.  109 
the  peaks  between  — 1  and  +1  mm/sec 
are  obscured  by  a  second  absorption  pat- 
tern. This  pattern  is  composed  of  a 
doublet  around  0  mm/sec  and  a  single 
absorption  peak  near  2  mm/sec  (see  also 
Fig.  110).  From  the  estimated  bar  spec- 
trum in  Fig.  109  it  is  suggested  that  there 
is  no  significant  contribution  from  troilite. 

The  spectrum  of  the  chemically  treated 
Orgueil  sample  is  shown  in  Fig.  110.  It  is 
essentially  a  three-line  absorption  spec- 
trum and  is  similar  to  that  found  in  the 
composite  spectrum.  The  absence  of  ab- 
sorption peaks  for  magnetite  suggests 
that  the  separation  procedure  was  effi- 
cient (>95%).  The  absorption  envelope 
was  fitted  assuming  an  Fe3+  doublet  and  a 
single  Fe2+  doublet  (Fig.  110).  The  hy- 
perfine  parameters,  quadrupole  splitting, 
and  isomer  shift  determined  in  this  way 


are  given  in  Table  57.  Table  58  shows 
values  for  Fe3+  and  Fe2+  in  some  known 
tetrahedrally  and  octahedrally  coordi- 
nated sites  in  silicates.  From  this  com- 
parison it  is  reasonable  to  assign  the 
doublet  with  the  smallest  quadrupole 
splitting  to  Fe3+  and  the  doublet  with  the 
largest  quadrupole  splitting  to  Fe2+,  both 
in  an  octahedral  polyhedron  of  oxygen 
atoms.  The  least-squares  fit  to  the  experi- 
mental data  suggests  that  the  spectrum  is 
due  principally  to  a  single  phase  (Fig. 
110).  The  line  widths  of  the  Fe3+  peaks 
(. — 0.47  mm)  are  not  significantly  broader 
for  Fe3+  in  some  terrestrial  chain  silicates 
(Virgo,  elsewhere  in  this  report).  The 
resulting  Fe2+/(Fe2+  +  Fe3+)  ratio  for  the 
layer  silicate  phase  is  - — -0.08. 

No  attempt  is  made  to  recast  the  elec- 
tron microprobe  analyses  of  the  layer 
silicate  mass  into  a  structural  formula 
(e.g.,  Bostrom  and  Fredriksson,  1966)  in 
view  of  the  composite  nature  of  the  layer 
silicates.  However,  analyses  of  terrestrial 
counterparts  show  that  high  Fe203/FeO 
ratios  are  consistent  with  lizardites  and 
six-layer  serpentines  (Whittaker  and 
Wicks,  1970)  and  nontronites  (Grim, 
1968) .  In  fact,  nontronites  are  stable 
with  complete  replacement  of  Mg  for 
Fe3+.  The  crystal  chemistry  of  both  these 
silicates  shows  that  substitutions  in  the 
tetrahedral  Si  site  are  possible,  although 
they  are  usually  attributed  to  Al3+  rather 
than  Fe3+.  Both  structures  are  character- 
ized by  a  single  distinct  octahedral  site 
involving  oxygen,  in  agreement  with  the 
data  presented  here.  Finally,  it  should  be 


TABLE  57.   Hyperfine  Parameters  of  the  Orgueil  Layer  Silicate: 
Isomer  Shift  and  Quadrupole  Splitting 


T,  °K 

Isomer  Shift,*  mm /sec 

Quadrupole 
Splitting,  mm/sec 

Fe3+                               Fe2+ 

Fe3+                               Fe2+ 

298 

0.34                             ~1.2 

0.72                               ~2.4 

*  Referred  to  a  metallic  iron  absorber  at  298 °K. 
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Silicate 


Site 

Isomer  Shift,* 

mm/sec, 

295°K 

Quadrupole 

Splitting, 

mm/sec, 

295°K 

Fe3+  at  Octahedral  Sites 

M, 

0.41 

1.00 

Mi 

0.41 

Fe3+  at  Tetrahedral  Sites 

0.87-0.89 

T 

0.18 

1.47 

T 

0.18-0.46 
Fe2+  at  Octahedral  Sites 

1.35-1.27 

Mi 

1.17 

2.48-2.35 

M2 

1.13-1.16 

1.91-2.11 

Mi 

1.11 

2.20-1.93 

M2 

1.12-1.08 
Fe2+  at  Tetrahedral  Sites 

2.56-2.53 

T 

0.97 

2.33 

Plana 

r                       0.76 

0.51 

Referencef 


Synthetic  ferri-diopside 
Natural  ferri-diopside 

Synthetic  ferri-diopside 
Natural  ferri-diopside 

Orthopyroxene 
Biotite 


Staurolite 
Gillespite 


*  Referred  to  a  metallic  iron  absorber  at  295°K. 

t  References:  (1)  Hafner,  Virgo,  and  Warburton,  1971.    (2)  Virgo,  elsewhere  in  this  report.    (3) 
Unpublished;  see  Smith,  1968.    (4)   Clark,  Bancroft,  and  Stone,  1967. 


noted  that  the  higher  metal/Si  ratio 
(number  of  moles)  in  serpentines  com- 
pared with  smectites  is  consistent  with 
this  ratio  determined  from  wet-chemical 
analysis  of  the  separated  silicate  fraction 
(G.  Herzog,  personal  communication) 
and  suggests  further  that  the  layer- 
silicate  fraction  may  be  dominated  by 
serpentine. 


In  summary,  the  principal  Fe-bearing 
minerals  in  the  Orgueil  meteorite  are 
magnetite  and  layer  silicates.  The  oxida- 
tion state  of  Fe  in  the  latter  phase  is  pre- 
dominantly trivalent,  and  other  chemical 
evidence  suggests  that  the  layer-silicate 
material  may  be  mostly  an  Fe-rich  ser- 
pentine (Herzog  and  Virgo,  in  prepara- 
tion). 


ISOTOPIC    GEOCHEMISTRY    AND 
RADIOCHEMICAL    AGE    DETERMINATIONS 


Oxygen  Isotope  Geochemistry  of  Some 
Rocks  from  Island  Arcs 

K.  Muehlenbachs  and  T.  C.  Hoering 

A  study  of  the  oxygen  isotope  geochem- 
istry of  rocks  from  island  arcs  has  been 
undertaken  in  order  to  gain  information 
on  their  complex  history  and  to  look  for 
isotopic  heterogeneities  of  their  source 
regions.  Previous  studies  have  shown  in 
general  that  the  oxygen  isotope  ratios  in 
volcanic  rocks  from  oceanic  islands,  mid- 
ocean  ridges,  and  continents  fall  in  a 
narrow  range   (Taylor,  1968;  Anderson, 


Clayton,  and  Mayeda,  1971;  Muehlen- 
bachs and  Clayton,  1972a).  These  ratios 
are  readily  altered  by  weathering,  by 
metamorphism,  and  in  shallow  igneous 
intrusions  by  exchange  with  meteoric 
water.  The  change  in  the  isotopic  com- 
position of  rocks  is  sometimes  the  only 
sign  that  they  have  been  altered.  In  ideal 
cases,  the  temperature  of  alteration  and 
the  source  of  the  fluids  involved  can  be 
determined  from  the  isotopic  composi- 
tions of  coexisting  minerals. 

The  oxygen  isotope  composition  of  the 
upper  mantle  must  be  similar  to  that  of 
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basalts  because  isotopic  fractionations 
among  minerals  are  small  at  the  tempera- 
tures of  the  formation  of  magmas.  Thus, 
similarities  in  the  isotopic  compositions 
of  basalts  from  many  different  regions 
imply  that  the  isotopic  composition  of 
the  mantle  is  homogeneous.  However,  no 
oxygen  isotope  studies  have  been  made  of 
basic  volcanic  rocks  from  island  arcs  and 
inter-arc  basins,  where  current  models  of 
the  "new  global  tectonics"  could  provide 
a  mechanism  for  alteration  of  the  iso- 
topic composition  of  the  upper  mantle  by 
the  subduction  of  sediments  and  water. 
Sediments  are  sufficiently  higher  in  O18 
content  than  igneous  rocks  that  a  5% 


addition  of  sediments  to  a  magma  should 
be  detectable  experimentally  by  the  pres- 
ent analytical  technique. 

An  apparatus  has  been  constructed  that 
liberates  molecular  oxygen  from  silicates 
by  oxidation  with  BrF5  (Clayton  and 
Mayeda,  1963)  and  converts  the  oxygen 
to  carbon  dioxide.  The  carbon  dioxide  is 
analyzed  for  oxygen  isotope  content  on 
the  double-collecting  mass  spectrometer. 

Preliminary  analyses  of  rocks  and  min- 
erals from  Tonga  are  presented  in  Table 
59.  A  few  unpublished  analyses  of  vol- 
canic rocks  from  Japan,  Raoul  Island, 
and  the  Mariana  inter-arc  basin  are  also 
included  for  comparison.  Geologic,  chem- 


TABLE  59.   Isotopic  Composition  of  Oxygen  in  Rocks  from  Island  Arcs 


oO",  %0 

Standard 

No.  of 

Sample* 

Referencef             (SMOW) 

Deviation 

Analyses 

Eua  Island 

111549-7,t  anorthite 

basalt 

1                          4.4 

0.3 

4 

Plagioclase  (An90_ 

96) 

4.8 

0.3 

2 

Pyroxene 

5.6 

0.1 

2 

Magnetite 

1.4 

0.0 

2 

111549-8,1  dacite 

1                          7.5 

0.3 

2 

111549-18,  uralitized  gabbro 

1                          5.3 

0.2 

2 

Metis  Shoal 

111108-AJ 

2 

Glass 

6.9 

0.2 

2 

Pyroxene 

6.7 
Raoul  Island  § 

0.1 

2 

Andesite 

3                          5.85 
Mariana  Trough§ 

0.10 

2 

42-0,  basalt 

3                          6.27 

0.00 

2 

46-5,  basalt 

3                          5.77 
Japan§ 

0.06 

2 

O-Shima  Island 

JA-26,  basalt 

4                          5.49 

0.14 

2 

JA-27,  basalt 

4                          5.48 

0.04 

2 

Tanna  Basin 

4 

6511101,  basalt 

5.72 
Mid-Atlantic  Ridge 

0.02 

2 

AG  68-197-11  (GM) 

basaltic 

groundmass 

5                          5.8 

0.1 

4 

*  Samples  donated  by  W.  B.  Bryan  and  S.  R.  Hart. 

t  References:  (1)  Bryan,  Stice,  and  Ewart,  1972.  (2)  Melson,  Jarosewich,  and  Lundquist,  1970. 
(3)  S.  R.  Hart,  personal  communication,  1970.  (4)  S.  R.  Hart  et  al.,  1970.  (5)  Muehlenbachs  and 
Clayton.  1972a. 

+  From  the  collection  of  the  U.S.  National  Museum. 

§  Analysis  performed  at  the  University  of  Chicago. 
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ical,  and  petrographic  descriptions  of  the 
samples  can  be  found  in  the  references 
cited  in  Table  59.  A  basalt  from  the  Mid- 
Atlantic  Ridge  that  was  previously  found 
to  have  a  SO18  of  5.79%,*  (Muehlenbachs 
and  Clayton,  1972a)  has  been  reanalyzed. 

Bryan,  Stice,  and  Ewart  (1972)  noted 
that  the  rocks  of  Eua  Island  of  the 
Tonga  group  are  altered  but  did  not  spec- 
ulate on  the  cause.  The  new  data  may 
help  elucidate  their  complex  history. 
Sample  111549-7  of  anorthite  basalt  is 
low  in  O18  compared  with  most  other 
basalts  but  is  similar  to  submarine  green- 
stones (Muehlenbachs  and  Clayton, 
19726).  Its  coexisting  phenocrysts  are 
not  in  isotopic  equilibrium.  In  fresh  sub- 
aerial  basalts,  plagioclase  phenocrysts  are 
about  0.5%o  higher  in  O18  than  the  co- 
existing pyroxene  phenocrysts  (Anderson, 
Clayton,  and  Mayeda,  1971),  but  in  this 
sample  the  plagioclase  is  0.8%o  lower  in 
O18  than  the  pyroxene.  Reversed  plagio- 
clase-pyroxene  fractionations,  such  as  in 
sample  111549-7,  are  also  found  in  gab- 
bros  that  have  been  metamorphosed  in 
the  presence  of  sea  water  or  that  have 
exchanged  oxygen  with  meteoric  ground- 
water at  subsolidus  temperatures.  Plagio- 
clase exchanges  oxygen  atoms  with  hot 
water  more  readily  than  does  pyroxene, 
thus  causing  the  disequilibrium. 

The  isotopic  fractionation  between  py- 
roxene phenocrysts  and  magnetite  of  the 
groundmass  in  sample  111549-7  is  larger 
than  the  1.8%o  found  in  fresh,  unaltered 
basalts,  indicating  that  either  the  mag- 
netite has  also  exchanged  oxygen  with 
the  fluid  that  altered  the  plagioclase  or 
it  is  in  fact  a  secondary  mineral  formed 
from  the  breakdown  of  pyroxene  or 
olivine  during  the  alteration.  Plagioclase 
and  magnetite  are  probably  not  in  iso- 
topic equilibrium  because  the  3.4%c  frac- 

*50,8snmpIe  = 

/  (Q18/016)samp.e  -   (O^/O16)  standard"^ 
\  (0,8/016)s,a„dard  J 

X    1000 

The  standard  is  Standard  Mean  Ocean  Water 
(SMOW)   (Craig,  1961). 


tionation  between  them  indicates  an  un- 
reasonably high  temperature  of  alteration 
of  about  700 °C  (Anderson,  Clayton,  and 
Mayeda,  1971).  To  achieve  the  reversed 
plagioclase  fractionation,  the  plagioclase 
must  have  exchanged  oxygen  with  a  fluid 
at  a  lower  temperature.  It  is  probable 
that  the  isotopic  composition  of  the  py- 
roxene in  sample  111549-7  is  close  to  the 
primary,  unaltered,  isotopic  composition 
of  its  magma. 

Isotopic  equilibrium  is  found  between 
the  dacite  glass  and  pyroxene  of  the 
Metis  Shoal  pumice.  It  is,  however,  about 
\%c  richer  in  O18  than  an  andesite  from 
Raoul  Island  of  the  adjacent  Kermadec 
group  and  basalts  from  Japan  and  the 
Mariana  Trough.  Petrographic  examina- 
tion of  sample  42-0  shows  that  it  is 
slightly  altered  (S.  R,  Hart,  personal 
communication,  1970) .  Its  slightly  higher 
SO18  is  probably  due  to  submarine 
weathering. 

Trace-element  and  radiogenic  isotope 
contents  of  the  basalts  from  O-Shima 
Island  indicate  that  they  are  5-10%  con- 
taminated with  oceanic  sediment  (Hart 
et  at.,  1970;  Tatsumoto  and  Knight, 
1969).  Assimilation  of  this  amount  of 
sediment  would  have  increased  the  SO18 
by  1  to  2%c.  Since  an  O18  enrichment  is 
not  observed  in  these  basalts,  either  no 
sediments  were  involved  or  the  mecha- 
nism of  contamination  of  magmas  under 
island  arcs  with  sediments  is  complicated, 
possibly  involving  018-depleted  green- 
stones from  the  oceanic  crust  or  sea 
water. 

The  preliminary  data  indicate  that 
oxygen  from  sediments  has  not  contami- 
nated basaltic  magmas  in  island  arcs. 
Possible  sedimentary  contamination  of 
the  more  acidic  island-arc  magmas  might 
be  identified  by  determining  the  SO18  of 
olivine  xenocrysts  in  the  Metis  Shoal 
dacite.  On  the  basis  of  the  chemical  com- 
position, Bryan,  Stice,  and  Ewart  (1972) 
have  suggested  that  the  basalt  and  gabbro 
of  Eua  Island  might  be  exposed  sea-floor 
material.  The  oxygen  isotope  measure- 
ments are  compatible  with  this  view. 
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Partitioning    of    Uranium    in    the 

Di-Ab-An    System    and    a    Spinel 

Lherzolite   System   by   Fission 

Track  Mapping 

M .  G.  Seitz  and  N.  Shimizu* 

Uranium  is  a  minor  but  ubiquitous  ele- 
ment in  geological  systems.  The  distribu- 
tion of  uranium  in  basaltic  materials 
provides  one  view  of  the  chemical  frac- 
tionation that  occurred  during  their  melt- 
ing and  subsequent  cooling  and  crystal- 
lization. 

Particles  from  nuclear  fisson  produce 
trails  of  damage  in  electrical  insulating 
solids  that  may  be  etched  and  viewed  in 
an  optical  microscope.  These  fission 
tracks  provide  a  sensitive  method  of  de- 
tecting fissionable  elements  such  as  ura- 
nium. 

Fission  track  studies  of  uranium  in 
silicates  equilibrated  under  known  condi- 
tions of  pressure  and  temperature  were 
undertaken.  These  studies  have  direct 
applications  to  the  interpretation  of  ura- 
nium distributions  in  natural  basalts. 

Experimental  Techniques 

Two  systems  were  studied  experimen- 
tally. For  the  clinopyroxene-liquid  sys- 
tem, starting  material  of  diopside- 
anorthite-albite  composition  (50,  25,  25 
wt  %,  respectively)  was  prepared  from 
pure  metal  oxides  and  carbonates  and 
doped  with  additional  elements  including 
potassium  and  uranium.  Uranium  was 
added  as  uranyl  nitrate.  The  composition 
of  each  phase  in  the  experiment  was  de- 
termined by  microprobe  and  fission  track 
analyses. 

Clinopyroxene  crystals  were  synthe- 
sized from  the  glass  at  pressures  of  15, 
20,  and  25  kb  and  temperatures  of  1100° 
and  1200°C.  The  starting  mixture  was 
put  in  platinum  capsules  with  the  addi- 
tion of  about  8%  water  to  produce  large 
crystals  and  to  ensure  chemical  equili- 
brium. Because  the  oxygen  fugacity  dur- 

*  Department  of  Terrestrial  Magnetism. 


ing  the  runs  is  expected  to  be  above  that 
of  pure  water,  the  uranium  is  believed  to 
have  remained  in  the  +6  valence  state. 
No  vapor  phase  was  detected  in  these  ex- 
periments, and  on  the  basis  of  available 
data,  the  system  was  undersaturated  with 
water. 

In  addition,  one  sample  of  an  ortho- 
pyroxene-liquid  association  produced  at 
10  kb,  1375°C,  by  Dr.  I.  Kushiro  from 
a  mixture  of  natural  minerals  (Kushiro, 
this  report)  was  studied.  This  natural 
mixture  contained  sufficient  uranium  to 
be  studied  by  the  fission  track  techniques. 

Muscovite  was  used  as  the  fission  track 
detector  because  it  can  withstand  neutron 
doses  without  track  fading  or  physical 
degradation  (Seitz,  1971).  Furthermore, 
it  records  sharp  thin  tracks  whose  direc- 
tions and  lengths  are  easily  measured. 
The  mica  used  in  this  study  was  par- 
ticularly suitable  because  of  its  very  low 
uranium  concentration  (. — 1  ppb). 

Portions  of  each  sample  were  mounted 
in  epoxy,  ground  flat,  and  polished.  After 
the  mica  detector  was  fastened  to  the 
grain  mount,  fiducial  scratches  were  made 
above  the  grains  and  photographed  to 
record  the  relative  position  of  the  sample 
and  detector.  The  grain  mounts  were 
assembled  with  a  standard  glass  mount  as 
shown  schematically  in  Fig.  Ill  and  ir- 


Spacer 


Synthetic  rock  grains 

Fig.  111.  Grain  mount  assembly  for  neutron 
irradiation.  The  epoxy  disks  are  2.5  cm  in  diam- 
eter; mica  sheets  are  — 50  /xm  thick  (not  to 
scale). 
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radiated  with  thermal  neutrons  to  induce 
fission  of  uranium  235.  A  thin  (. — '50  fim) 
spacer  between  the  mounts  was  included 
to  assure  that  the  detectors  were  clamped 
in  firm  contact  with  the  samples  during 
the  irradiation. 

The  mica  detectors  were  etched  in 
hydrofluoric  acid  (48%  HF,  22°C,  15 
minutes)  to  reveal  the  fission  tracks.  The 
resulting  track  distribution  gave  a  map 
of  the  uranium  in  the  samples.  Montage 
photographs  of  the  silicate  grains  and 
etched  detector  were  made  from  photo- 
micrographs (X305)  taken  in  reflected 
and  transmitted  light,  respectively.  These 
montages  could  be  placed  in  the  same 
orientation  as  were  the  sample  and  de- 
tector during  the  irradiation  and  served 
as  the  basis  for  relating  the  fission  track 
map  to  the  sample.  Neutron  doses  were 
determined  by  tracks  from  the  standard 


glass  and  ranged  from  5.7   X    1017  to 
9.2  X  1017  neutrons/cm2. 

Experimental  Measurements 

Under  the  optical  microscope  the  de- 
tectors were  found  to  have  few  fission 
tracks  except  in  areas  adjacent  to  the 
silicate  grains.  The  shapes  of  the  grains 
were  recorded  by  these  localized  track 
concentrations,  and  the  pattern  of  high 
and  low  track  densities  within  each  con- 
centration closely  followed  the  distribu- 
tion of  quenched  liquid  and  pyroxene  in 
the  samples.  This  correspondence  is  ap- 
parent in  Fig.  112,  showing  an  area  of  the 
silicate  sample  and  its  fission  track  map. 
The  quenched  liquid,  as  evident  by  the 
correspondingly  high  track  density  in  the 
fission  track  map,  contains  most  of  the 
uranium  of  the  system.   Similar  patterns 


Fig.  112.  (A)  Polished  section  in  reflected  light  showing  the  light  orthopyroxene  crystals  in  the 
darker  glass.  (B)  Fission  track  map  of  the  same  sample.  The  quenched  liquid  is  high  in  uranium, 
as  is  apparent  from  its  correlation  with  areas  of  high  track  density. 


were  produced  by  the  other  samples,  al-     densities  were  measured  in   areas  that 
though  the  contrast  in  track  density  was      were  farther  than  10  mm  from  any  crys- 
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were  produced  by  the  other  samples,  al 
though  the  contrast  in  track  density  was 
commonly  less  than  seen  here.  No  in 
homogeneities  or  "hot  spots"  of  uranium 
were  detected  from  the  fission  track 
maps.  The  uranium  in  each  phase  was 
found  to  be  uniform  throughout  a  given 
sample.  Therefore  it  was  reasonable  to 
assume  that  a  chemical  equilibrium  of 
uranium  was  attained,  this  balance  being 
characterized  by  the  uranium  partition- 
ing coefficient  (i.e.,  the  ratio  of  the  ura- 
nium concentrations  in  the  pyroxene  and 
quenched  liquid) . 

Uranium  concentrations  in  the  crystals 
and  quenched  liquid  phases  in  most  sam- 
ples were  determined  in  the  following 
manner.  The  shapes  of  the  different 
phases  were  outlined  onto  the  montage  of 
the  etched  detector.  To  minimize  cross 
contamination  caused  by  the  length  of 
the  fission  tracks  and  errors  in  locating 
the  sample  position  on  the  detector,  track 


densities  were  measured  in  areas  that 
were  farther  than  10  /xm  from  any  crys- 
tal-liquid boundary.  Two  track-density 
measurements  were  made.  First,  the  total 
number  of  tracks  was  counted  under  the 
optical  microscope  or  from  high-magnifi- 
cation photographs  (X1000) .  In  the  sec- 
ond measurements,  only  tracks  greater 
than  5  /mi  in  length  as  projected  on  the 
montage  photographs  were  counted.  Areas 
measured  from  the  photographs  and  in 
the  microscope  were  calibrated  with  a 
stage  micrometer. 

The  background  track  densities  were 
measured  in  areas  of  the  detector  that 
were  adjacent  to  the  epoxy  during  the 
irradiation.  These  tracks  were  uniformly 
long,  indicating  that  they  had  originated 
from  the  detector  itself.  It  is  recalled  that 
two  particles  traveling  in  opposite  direc- 
tions are  produced  in  a  fission  event.  In 
one  area,  only  one  track  out  of  thirty 
measured  was  short  (<4  ^m)  and  prob- 
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ably  originated  in  the  epoxy.  Although 
the  background  was  negligible  for  most 
samples,  it  was  important  when  low  ura- 
nium contents  were  measured. 

The  uranium  contents,  U,  of  the  phases 
were  then  determined  from  the  formula 


U 


V  8  j  , 

Ps  1 


where  Us  is  the  uranium  content  of  the 
standard  glass,  p  and  ps  are  the  measured 
track  densities,  and  /  and  Is  are  the  ura- 
nium isotope  ratios  (U235/U)  in  the  un- 
known and  standard  glass,  respectively. 
The  standard  glass  used  in  this  work  had 
0.0725  ppm  uranium  with  an  isotopic 
ratio  of  0.00616  (Carpenter,  1972) .  The 
uranium  in  the  samples  had  an  isotopic 
ratio  of  0.0072.  Only  track  densities 
measured  in  the  same  way  were  com- 
pared, so  that  biases  such  as  counting 
only  long  tracks  would  cancel  out. 

Agreement  was  obtained  for  uranium 
concentrations  in  the  quenched  liquid 
from  both  total  and  long-track  densities. 
However,  the  uranium  concentrations  in 
the  pyroxene  determined  from  the  density 
of  long  tracks  were  commonly  lower  than 
that  obtained  from  the  total  track  den- 
sity.   In  the  most  pronounced  case,  the 


concentration  from  long  tracks  was 
— 50%  lower  than  from  the  total  track 
density  (15  kb,  1100°C).  This  effect  was 
believed  to  be  caused  by  a  contribution 
of  tracks  from  quenched  liquid  beneath 
the  pyroxene  surface.  This  point  could 
not  be  checked  in  each  instance  because 
the  neutron  irradiation  had  made  the 
epoxy  opaque.  Long  tracks,  originating 
near  the  surface,  were  less  likely  to  be 
from  underlying  quenched  liquid  and 
were-used  to  determine  uranium  concen- 
trations in  the  pyroxene  crystals.  The 
contamination  effect  was  not  entirely 
eliminated  by  using  only  long  tracks. 
Because  the  uranium  levels  in  the  glass 
were  higher  than  in  the  crystals,  the  ura- 
nium levels  measured  for  pyroxene  should 
be  considered  as  upper  limits.  The  meas- 
ured uranium  concentrations  in  the  crys- 
tal and  liquid  phases  and  the  uranium 
partitioning  coefficients  for  the  associa- 
tions are  given  in  Table  60. 

One  sample  having  small  grain  size 
( — 10  fim)  could  not  be  measured  in  this 
manner.  Instead,  the  average  uranium 
concentrations  were  measured  in  areas 
having  differing  proportions  of  crystal 
and  quenched  liquid,  the  proportions  be- 
ing   determined    from    point    counts    on 


TABLE  60.  Uranium  Contents  and  Partitioning  Coefficients  of  Pyroxene-Liquid  Systems 


P,  kb 

T,  °C 

Total 
Water, 

wt  % 

Run 

Time, 

min 

U  in  Quench    U 
Liquid,  ppm 

in  Crystal, 
ppb 

U (pyroxene)* 
U  (liquid) 

15 

noot 

7.9 

Clinopyroxene-Liquid 
120               0.110 

20 

0.18  ±  0.04 

1200 

7.7 

75 

0.115 

45 

<0.4 

20 

1100 

7.6 

90 

0.160 

1.9 

0.012  ±  0.006 

1200 

7.9 

60 

0.200 

30 

0.15  ±  0.04 

25 

1200 

7.9 

90 

0.190J 

36 

0.19  ±  0.02J 

10 

1375 

0.0 

Orthopyroxene-Liquid 
120               0.84 

6.7 

0.008  ±  0.002 

*  Standard  deviation  from  counting  statistics. 

t  Final  temperatures  were  attained  after  the  systems  were  raised  to  the  following  temperatures : 
1200°C  (30  min);  1275°C  (30  min) ;  1275°C  (30  min),  then  1200°C  (20  min);  directly  to  1200°C; 
1275°C  (20  min);  and  1450°C   (20  min),  respectively. 

t  Estimated  by  extrapolating  the  U  concentrations  in  differing  proportions  of  crystal  and 
quenched  liquid  to  the  pure  components. 


552 


CARNEGIE     INSTITUTION 


photographs  of  the  samples.  These  values 
were  then  extrapolated  to  the  pure  com- 
ponents of  crystal  and  glass. 

Track  densities  from  the  standard  glass 
and  quenched  liquid  were  measured  with 
counts  exceeding  1100  tracks.  Thus  errors 
from  counting  statistics  for  these  meas- 
urements were  low.  Background  track 
densities  in  each  detector  were  measured 
with  more  than  250  counts.  However, 
measurements  of  the  uranium  concentra- 
tions in  the  pyroxenes  had  large  statis- 
tical errors  because  of  low  track  counts. 
The  standard  deviations  of  the  partition 
coefficients  given  in  Table  60  are  almost 
entirely  from  the  measurements  of 
pyroxene. 

In  the  material  synthesized  at  1200°C, 
15  kb,  few  euhedral  pyroxene  crystals 
formed,  since  the  system  was  very  near 
its  liquidus  temperature.  Only  one  track 
was  found  that  originated  from  the  py- 
roxene grains,  giving  a  partition  coeffi- 
cient of  0.2.  This  value  was  doubled  be- 
cause of  the  statistical  uncertainty  and 
considered  an  upper  limit.  It  is  interest- 
ing to  note  that  many  skeletal  crystals 
interlaced  with  glass  occurred  in  this  sys- 
tem. By  the  extrapolation  method,  their 
uranium  concentrations  were  found  to  be 
comparable  to  that  in  the  quenched 
liquid.  These  crystals  are  thought  to  be 
formed  upon  quenching,  and  the  high  ura- 
nium concentrations  probably  reflect  non- 
equilibrium  conditions  that  arose  during 
quenching.  The  measuring  techniques 
employed  here  can  distinguish  the  equili- 
bria crystals  from  the  quench  crystals. 

Uranium  Partitioning 

In  a  given  system  the  variation  of  the 
partition  coefficient  with  pressure  and 
temperature  carries  information  about 
the  mechanism  by  which  the  element  is 
incorporated  into  the  crystalline  struc- 
ture. For  example,  the  partitioning  coeffi- 
cient of  potassium  in  the  clinopyroxene- 
liquid  system  studied  here  changes  with 
pressure  and  temperature  in  a  manner 
indicating    that    a    potassium    complex 


forms  a  continuous  solution  series  with 
pyroxene.  Uranium  does  not  appear  to 
follow  this  behavior.  In  contrast,  the 
very  rapid  rise  in  partitioning  coefficient 
with  temperature  as  seen  at  20  kb  could 
be  due  to  uranium  at  crystal  imperfec- 
tions that  increase  in  density  with  tem- 
perature. The  uranium  concentrations  in 
the  pyroxene  may  also  be  related  to  the 
growth  rate  of  the  crystals.  Experiments 
are  under  way  to  establish  the  mecha- 
nism of  uranium  assimilation  in  pyroxene. 

Application  to  Natural  Systems 

The  uranium  contents  in  mineral 
phases  of  a  natural  garnet  lherzolite 
(Kushiro,  this  report)  were  also  deter- 
mined by  fission  track  mapping.  The 
alteration  products,  consisting  mostly  of 
serpentine  and  mica,  were  high  in  ura- 
nium, having  levels  exceeding  50  ppm  in 
some  areas.  These  secondary  products 
extended  into  the  olivine  and  pyroxene 
grains,  producing  spots  and  filaments  of 
high  uranium  concentration.  Portions  of 
the  olivine  and  orthopyroxene  grains  had 
uranium  contents  below  3  ppb  and  ap- 
peared unaltered,  as  indicated  by  their 
homogeneous  track  densities.  Uranium 
concentrations  of  41  and  8  ppb  were 
found  in  clear,  unfractured  grains  of 
garnet  and  clinopyroxene,  respectively. 
The  uranium  was  distributed  homogen- 
eously and  is  believed  to  be  representa- 
tive of  the  primary  unaltered  contents  of 
the  phases. 

If  we  assume  that  uranium  partitions 
in  natural  systems  as  it  does  in  the  five- 
component  Di-Ab-An  system,  the  mea- 
sured partitioning  coefficients  may  be  used 
to  determine  the  uranium  content  of  a 
liquid  in  equilibrium  with  this  lherzolite. 
From  the  clinopyroxene-liquid  partition 
coefficients  of  Table  60,  a  liquid  in  equili- 
brium with  the  natural  lherzolite  would 
have  a  uranium  content  of  0.04  to  0.6 
ppm.  This  result  indicates,  as  have  mea- 
surements of  major  chemistry  (  Kushiro, 
this  report) ,  that  basaltic  liquids  of  high 
uranium    content    (e.g.,    alkali    basalts) 
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were  not  in  equilibrium  with  the  garnet 
lherzolite. 

This  analysis  is  being  extended  to  other 
candidates  for  partial  melting  residuals, 
such  as  some  spinel  lherzolite  inclusions 
in  basaltic  rocks  (Kuno,  1969).  From 
studies  of  the  uranium  fractionation  in 
other  associations,  in  particular  the 
garnet-liquid  association,  it  should  be 
possible  to  accurately  test  the  compati- 
bility of  potential  fractionation  products. 


are  capable  of  producing  etchable  tracks 
in  natural  minerals  (Maurette  and 
Walker,  1964)  and  have  recently  been  ob- 
served in  nature  (Fleischer  et  al.,  1970; 
Seitz,  1971). 

Studies  of  nuclear  tracks  in  whitlockite, 
/?Ca3(P04)2,  produced  by  high-energy 
proton  bombardments,  were  undertaken. 
The  track  registration  characteristics 
were  assessed  with  the  help  of  chemical 
data  from  microprobe  analyses. 


Other  Particle  Track  Mapping 
Techniques 

Future  experiments  will  employ  ura- 
nium enriched  in  U235  (7  =  0.95,  com- 
pared with  I  =  0.007  in  this  study) ,  ex- 
tending the  useful  range  of  uranium 
mapping  to  concentrations  below  0.02 
ppb.  With  this  improvement  it  will  be 
possible  to  map  uranium  in  individual 
mineral  grains.  Thorium  can  be  fissioned 
by  fast  neutrons  or  alpha  particles  and 
analyzed  essentially  as  is  uranium.  The 
silicate  solutions  may  be  spiked  with 
alpha  active  nuclei  such  as  Eu147  or 
Gd149  and  mapped  with  plastic  detectors. 
Other  elements  of  geologic  interest — Li, 
B,  N,  O,  Tb,  Pb,  and  Pu — can  be  mapped 
by  particle  tracks. 

Spallation  Recoil  Tracks  in 
Meteoritic  Whitlockite* 

M.G.  Seitz 

The  galactic  cosmic  rays  consist  mostly 
of  high-energy  protons  and  alpha  par- 
ticles. Particles  with  energy  in  excess  of 
1  GeV  lose  energy  primarily  by  nuclear 
encounters.  Because  of  the  very  high  en- 
ergies of  these  particles  compared  with 
the  binding  energy  of  a  nucleon,  they 
may  collide  with  a  few  nuclear  particles 
during  their  traverse  of  the  nucleus.  The 
excited  nucleus  recoils  to  conserve  mo- 
mentum.   These  spallation  recoil  nuclei 

*  This  work  was  partially  supported  by  the 
National  Science  Foundation  under  grant  GA 
25845. 


Experiment 

Two  fragments  of  the  Saint  Severin 
meteorite  were  annealed  at  700  °C  for  12 
hours  to  remove  all  fossil  tracks.  This 
temperature  is  below  the  ft-a  transition 
temperature  ( — 1180°C)  for  tricalcium 
phosphate.  Whitlockite  from  one  frag- 
ment was  etched  in  0.12%  HN03  for  30 
seconds  and  viewed  in  a  scanning  elec- 
tron microscope  (SEM).  No  etch  pits 
were  seen  at  the  highest  magnification 
( X  10,000) ,  indicating  that  the  heat  treat- 
ment had  removed  all  the  tracks.  The 
second  fragment  was  put  in  a  target 
holder  and  irradiated  with  28-GeV  pro- 
tons from  the  Brookhaven  AGS  accelera- 
tor. The  proton  dose  was  estimated  to  be 
5.5  ±  1.1  X  1015  protons/cm2  based  on 
the  sodium-22  activity  in  aluminum  foil 
and  fission  tracks  from  uranium-doped 
glass.  The  induced  fission  track  density 
was  uniform  over  the  plastic  detector,  in- 
dicating that  the  proton  dose  was  homo- 
geneous over  the  sample.  The  irradiation 
holder  and  dose-measuring  techniques  are 
the  same  as  those  described  by  Seitz 
(1971). 

After  the  irradiation,  the  meteorite 
fragment  was  mounted  in  epoxy  and  cut 
to  form  two  sections.  Both  sections  were 
polished  and  etched  for  30  seconds  in 
0.12%  HN03.  The  surface  of  an  etched 
whitlockite  grain  as  viewed  in  an  SEM 
is  shown  in  Fig.  113.  Because  only  the 
surface  is  viewed,  the  length  of  the  tracks 
cannot  be  seen.  The  particle  tracks  ap- 
pear as  dark  pits  and  are  easily  visible. 
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Fig.  113.  Spallation  recoil  tracks  in  meteoritic  whitlockite  as  viewed  in  the  SEM   (track  den- 
sity, 4.2  X  108  t/cm2). 


The  short  chemical  etch  was  used  to  pre- 
vent the  overlapping  of  individual  tracks. 

The  proton-induced  track  density  is 
highly  variable  within  and  between  indi- 
vidual grains.  A  grain  having  both  a  high 
and  a  low  track  density  is  shown  in  Fig. 
114.  The  density  always  changed 
abruptly  as  in  this  photograph.  In  thirty 
areas  studied,  the  track  density  was 
found  to  vary  from  0.4  X  108  to  4.4  X 
108  tracks/cm2  (£/cm2)  with  an  average 
of  1.8  X  108  t/cm2.  This  variability  is 
similar  to,  but  larger  than,  that  seen  in 
lunar  whitlockite  (Seitz,  1971). 

After  photographs  were  taken  in  the 
SEM,  the  chemical  compositions  of  the 
grains  were  determined  with  an  auto- 
mated electron  microprobe  (Finger  and 
Hadidiacos,  Year  Book  70,  pp.  269-275, 
and  this  report).    In  addition  to  major 


amounts  of  phosphorous  and  calcium, 
minor  amounts  of  sodium,  magnesium, 
aluminum,  silicon,  potassium,  manganese, 
and  iron  were  found.  Rare  earth  elements 
were  searched  for  with  a  nondispersive 
X-ray  analyzer  but  were  not  detected. 
One  whitlockite  grain  was  analyzed  be- 
fore and  after  a  30-minute  exposure  to 
the  electron  beam.  No  appreciable  change 
in  element  concentrations,  including  so- 
dium, was  noted,  indicating  that  none  of 
the  elements  were  lost  during  the  analy- 
ses. 

To  obtain  an  estimate  of  the  track 
lengths,  the  rock  sections  were  ground 
thin  enough  for  optical  microscopy,  pol- 
ished, and  etched  for  2  minutes  (0.12% 
HN03).  In  five  crystals  the  density  of 
tracks  greater  than  1.7  ^m  in  length 
ranged  from  2.2  to  4.0  X  107  t/cm2,  with 
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Fig.  114.   Whitlockite  grain  showing  variation  in  spallation  track  density. 


an  average  of  3.3  X  107  i/cm2.  This 
value  is  about  an  order  of  magnitude 
lower  than  the  density  seen  in  the  SEM, 
attesting  to  the  short  nature  of  these 
tracks.  Because  of  the  difficulty  of  count- 
ing the  long  tracks  through  the  high  den- 
sity of  short  tracks,  it  was  not  certain 
whether  this  variability  was  real. 

Results 

Because  whitlockite  concentrates  ura- 
nium and  thorium  (Burnett  et  al.,  1971) 
etchable  tracks  are  produced  by  the  pro- 
ton-induced fission  of  these  elements  and 
their  decay  products.  The  proton-induced 
track  density  from  uranium  (0.4  ppm) , 
thorium  (1.4  ppm),  and  lead  (radiogene- 
tically  derived  from  uranium  and  thorium 


in  4.5  X  109  years),  was  determined  to 
be  6.7  X  104  t/cm2.  This  value  is  about 
10~4  times  lower  than  the  density  seen  in 
Fig.  113,  and  fission  events  are  not  the 
major  source  of  tracks. 

Spallation  reactions,  on  the  other  hand, 
can  account  for  all  of  the  induced  tracks. 
Calcium,  the  heaviest  major  element,  has 
a  geometric  cross  section  of  0.62  X  10~24 
cm2.  If  this  is  taken  to  be  the  total  in- 
elastic cross  section  and  the  average 
spallation  track  is  assumed  to  be  1  ixm 
long,  then  the  average  track  density  will 
be  achieved  if  16%  of  proton  interactions 
with  calcium  lead  to  etchable  tracks.  Re- 
actions with  other  elements  are  expected 
to  contribute  tracks  as  well. 

The  efficiencies  for  spallation  track 
production  from  a  proton  bombardment 
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TABLE  61.   Efficiency  for  Track  Production  by 
High-Energy  Protons 

Efficiency,  Proton  Energy, 

10~9  tracks/proton  GeV 


Whitlockite  (meteoritic) 

9.0-73 

28 

Whitlockite  (lunar)* 

29-81 

28 

Feldspar  (lunar)  f 

0.1-5.0 

9 

Pyroxene  (lunar)  J 

1.0-2.7 

3 

*Seitz,  1971. 

t  Crozaz  et  al.,  1970. 

%  Fleischer  et  al.,  1971. 


measured  at  a  high  magnification 
(X>1350)  are  given  in  Table  61  for 
various  extraterrestrial  minerals.  Whit- 
lockite is  seen  to  register  more  spallation 
recoil  tracks  than  either  feldspars  or  py- 
roxenes. 

Iron  produces  spallation  tracks  more 
efficiently  than  calcium  and  was  present 
to  some  extent  in  all  grains.  Measure- 
ments of  high-iron  concentrations  in  some 
areas  arose  from  material  underlying  thin 
whitlockite  grains.  All  measurements 
were  included  for  comparisons  with  the 
spallation  track  densities  since  spallation 
products  may  originate  from  this  under- 
lying material.  As  seen  in  Fig.  115,  the 
iron  concentrations  in  whitlockite  show 
no  correlation  with  track  density.  This 
lack  of  correlation  was  observed  on  both 
halves  of  the  irradiated  fragment  and  for 


9.     2  0 


Spallation  track  density  (10     tracks/cm   ) 


Fig.  115.  Iron  concentration  versus  spallation 
track  density  in  whitlockite.  In  plots  like  this 
for  each  element  no  correlation  with  track 
density  was  detected. 


all  elements  detected  by  microprobe. 
Thus  chemical  variations  were  not  re- 
sponsible for  changes  in  spallation  track 
densities. 

The  average  analysis  and  range  of 
minor-element  compositions  in  46  whit- 
lockite grains  of  St.  Severin  are  given  in 
Table  62.  Four  analyses  of  thin  grains  as 
evidenced  by  their  low-calcium  and  high- 
aluminum  levels  were  excluded.  Table  61 
also  gives  the  minor-element  composition 
of  whitlockite  from  the  Allegan  chondrite 
(Fuchs,  1969)  for  comparison. 

An  anisotropy  of  the  track  registration 
characteristics  of  whitlockite  was  con- 
sidered as  a  possible  source  of  the  track 
variability.  The  anisotropy  necessary  to 
produce  the  observed  track  variability 
was  estimated  from  the  track  registration 
model  of  Fleischer  et  al.,  (1967).  It  was 
found  that  if  the  registration  threshold  of 
whitlockite  varied  by  1%  with  direction, 
argon — a  typical  spallation  product  of 
calcium — could  register  a  track  2  ^m  long 
in  one  direction  and  no  track  in  another 
direction.  The  track  lengths  produced  by 
other  spallation  particles  will  be  simi- 
larly affected.  This  degree  of  anisotropy 
can  cause  the  large  changes  in  the  spalla- 
tion recoil  track  densities  seen  experi- 
mentally. Anisotropy  of  1%,  on  the  other 
hand,  was  found  to  cause  an  estimated 
change  of  less  than  3%  in  the  track  length 
of  fission  fragments  and  would  be  diffi- 
cult to  detect. 
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TABLE  62.  Electron  Microprobe  Analyses  of  Minor  Elements  in  Chondritic  Whitlockite 


Saint  Severin,*  wt  % 


Average 


Range 


Allegan,  f 

wt  % 


MgO 

3.64 

Na20 

2.45 

FeO 

1.08 

K20 

0.06 

MnO 

<0.05 

A1203 

0.07 

Si02 

0.36 

No.  of  grains 

46 

3.50-3.85 
2.00-2.80 
0.56-2.24 
0.05-0.07 
0.02-0.10 
0.00-0.20 
0.04-0.72 


3.7 
3.1 
0.3 

6.02 


9 


*Four  analyses  having  low  CaO  (<43.0%)  and  high  A1203  (>2%)  were  believed  to  be  of  thin 
grains  and  hence  were  omitted. 
t  Fuchs,  1969. 


Induced  spallation  recoil  track  den- 
sities vary  appreciably  in  individual 
grains  of  feldspars  and  pyroxenes  (Crozaz 
et  al,  1970;  Fleischer  et  al,  1971).  Al- 
though chemical  differences  between 
grains  were  not  ruled  out,  it  is  likely,  as 
in  whitlockite,  that  a  slight  anisotropy  in 
the  track-registration  characteristics  is 
responsible  for  the  track  variability. 

The  anisotropy  of  whitlockite  may  be 
investigated  directly.  It  is  possible  to 
determine  the  orientations  of  individual 
grains  by  optical  techniques  and  relate 
the  orientation  directly  to  the  proton- 
induced  track  density.  Such  a  study 
would  require  transparent  sections  of  a 
square  centimeter  or  more  in  area  to  ob- 
tain a  sufficient  number  of  grains  for  in- 
vestigation. 

Implications  to  Cosmic-Ray  Irradiated 
Whitlockite 

The  spallation  recoil  densities  in  extra- 
terrestrial samples  are  expected  to  be  pro- 
portional to  the  time  the  material  was 
exposed  to  cosmic  radiation.  Following 
the  procedure  of  Seitz  (1971)  the  average 
spallation  density  in  meteoritic  whitlock- 
ite at  a  depth  of  70  g/cm2  (<~20  cm  in 
silicates)  was  calculated  to  be  1  X  107 
t/cm2  from  107-year  cosmic-ray  expo- 
sure. For  comparison,  this  is  8.7  times 
higher  than  the  track  density  from  spon- 


taneous fission  of  uranium  238*  (calcu- 
lated for  0.4  ppm  U,  4.5  b.y.  old)  and 
would  be  measurable.  If  the  variability 
in  track  density  can  be  related  to  some 
parameter  such  as  orientation,  spallation 
tracks  in  whitlockite  may  be  useful  as  a 
measure  of  cosmic-ray  exposure  ages. 

Uranium  Variations  in  Bovid  Teeth 
of  the  olduvai  gorge 

M.  G.  Seitz 

The  uranium  distributions  in  bovid 
teeth  excavated  from  different  layers  of 
the  Olduvai  Gorge,  Tanganyika,  were 
studied  by  fission-track  techniques  to  de- 
termine the  suitability  of  using  uranium 
or  its  daughter  products  for  age  dating. 
The  bovid  teeth,  obtained  from  Dr.  R.  E. 
Taylor  (University  of  California,  River- 
side) are  from  different  depths  and  hence 
vary  in  age,  the  youngest  being  from  Bed 
III  (or  IV),  the  oldest  from  the  lower 
part  of  Bed  I.  A  fission-track  age  of 
2.0  ±  0.3  m.y.  was  measured  for  the 
pumices  of  Bed  I  (Fleischer  et  al.,  1965) . 
The  stratigraphy  of  this  region  is  de- 
scribed by  Hay  (1963). 

*  The  high-spallation  track  density  relative  to 
the  fission  track  density  emphasizes  the  impor- 
tance of  identifying  fission  tracks  by  their  longer 
length  as  discussed  by  Cantelaube,  Maurette, 
and  Pellas  (1967). 
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Five  teeth  were  mounted  in  epoxy,  cut 
to  expose  internal  surfaces,  and  polished. 
Uranium  maps  of  the  tooth  surfaces  were 
made  using  techniques  described  by  Seitz 
(1971)  and  elsewhere  in  this  report.  The 
uranium  distribution  in  the  tooth  enamels 
was  found  to  be  inhomogeneous.  A  portion 
of  the  uranium  is  distributed  uniformly 
on  a  200-;um  scale  but  varies  from  area 
to  area.  Additional  uranium  is  concen- 
trated in  filaments  that  extend  along  the 
tooth  edges  or  within  the  enamel  itself. 
Average  uranium  concentrations  were 
estimated  for  the  enamel  of  each  tooth 
specimen  and  are  plotted  in  Fig.  116. 
These  estimates  do  not  include  the  ura- 
nium concentrated  in  filaments. 

In  contrast  to  the  enamel,  the  tooth 
dentines  contain  uniform  concentrations 
of  uranium.  Although  variations  were 
apparent,  the  uranium  concentrations  in 
all  areas  are  within  30%  of  the  average. 
The  dentine  has  higher  uranium  concen- 
trations than  the  enamel  and  contains 
most  of  the  uranium  in  the  teeth.  Aver- 
age uranium  concentrations  measured  in 
the  dentine  are  plotted  in  Fig.  116. 


The  samples  from  Bed  III  (or  IV) ,  Bed 
II  (lower),  and  Bed  I  (lower)  were  stud- 
ied by  the  electron  microprobe.  CaO, 
P205,  and  AI2O3  were  present  in  concen- 
trations above  1%  by  weight.  Na20, 
MgO,  Si02,  K20,  MnO,  FeO,  BaO,  and 
chlorine  were  detected  in  concentrations 
below  1%  by  weight.  The  total  amount 
of  these  elements  averaged  89%  in  the 
enamel  and  85%  in  the  dentine,  indicat- 
ing the  presence  of  water  and  organic 
material.  Except  for  a  decrease  of  phos- 
phorous in  the  dentine  with  depth  (35% 
P205  in  top  sample,  30%  P205  in  Bed  I) , 
no  major-element  changes  correlating 
with  age  or  uranium  concentration  were 
found. 

Because  the  uranium  levels  of  bovid 
teeth  are  expected  to  be  low  upon  forma- 
tion (<30  ppm,  Seitz,  unpublished) ,  it  is 
probable  that  most  of  the  uranium  was 
accumulated  after  the  teeth  were  de- 
posited in  the  ground.  Uptake  can  occur 
by  precipitation  of  the  soluble  uranium 
from  groundwater  in  the  reducing  en- 
vironment of  the  decaying  organic  mate- 
rial within  the  tooth.   This  mechanism  is 


Bed  HKor  IE) 


Bed  IE  (upper) 


Bed  IE  (lower) 


Bed  I  (upper) 


Bed  I  (lower) 


Enamel  (XIO)  • 
Dentine  ■ 


Uranium  concentration  (ppm) 

Fig.  116.  Average  uranium  concentrations  in  bovid  teeth  from  different  strata  of  the  Olduvai 
Gorge.  Bed  I  is  the  oldest  and  deepest.  The  uranium  in  the  dentine  varies  systematically  with 
depth. 
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believed  to  produce  the  high  uranium 
concentrations  that  are  found  in  some 
fossil  remains. 

The  uranium  in  the  dentine  shows  a 
strong  correlation  with  depth.  The  ura- 
nium concentration  rises  to  a  maximum 
in  the  tooth  from  the  lower  part  of  Bed  II 
and  then  decreases  with  increasing  depth. 
Although  it  is  possible  that  the  uranium 
concentrations  simply  reflect  the  chemical 
environment  and  the  available  uranium 
at  a  given  depth,  this  does  not  appear  to 
be  the  case,  since  teeth  from  the  same 
bed  and  presumably  a  similar  environ- 
ment contain  variable  amounts  of  ura- 
nium. 

It  is  possible  that  the  correlation  with 
depth  arises  from  the  aging  of  the  organic 
material.  Uranium  uptake  may  continue 
until  almost  all  of  the  organic  matter  is 
decomposed.  At  this  point  the  uranium 
can  be  redissolved  and  leached  out  by  the 
groundwater.  This  model  accounts  for 
the  initial  rise  and  subsequent  decrease 
in  uranium  with  depth.  In  addition,  the 
transient  buildup  and  decrease  of  ura- 
nium would  be  expected  to  leave  unsup- 
ported daughter  products,  thorium  and 
protactinium,  which  are  less  soluble  than 
uranium,  and  it  is  probably  the  cause  of 
the  apparent  old  ages  for  fossil  bones 
dated  by  the  uranium-series  method 
(Szabo,  Malde,  and  Irwin-Williams, 
1969). 

If  the  climate  has  not  varied  apprecia- 
bly during  the  time  the  Olduvai  beds 
were  deposited,  it  may  be  that  the  varia- 
tions of  uranium  with  age  are  similar  for 
all  teeth,  regardless  of  their  stratigraphic 
location.  This  may  be  the  case,  since  the 
climate  was  relatively  dry  throughout 
much  of  the  time  the  beds  were  deposited 
(Hay,  1963).  Such  a  behavior  would 
greatly  simplify  several  methods  of  age 
dating.  The  time  scale  for  uptake  and 
loss  of  uranium  appears  long  enough  to 
allow  age  estimates  from  the  uranium 
concentrations  alone.  Alternatively,  the 
knowledge  of  the  uranium  variations 
coupled  with  the  uranium-series  dating 


method  could  be  used  to  obtain  accurate 
age  measurements  of  fossil  material 
throughout  the  beds. 

Effect  of  Regional  Metamorphism  on 

the  Behavior  of  Rb  and  Sr  in  Micas 

and  Whole-Rock  Systems  of  the 

Belt  Series,  Northern  Idaho 

A.  Hofmann 

One  of  the  most  challenging  goals  of 
isotope  geology  is  to  unravel  the  timing 
of  metamorphic  processes.  At  present, 
the  interpretation  of  most  isotopic  age 
data  from  metamorphic  terranes  is  still  in 
doubt  because  it  has  not  generally  been 
possible  to  separate  the  effects  caused  by 
(1)  the  persistence  of  inherited  (i.e.,  pre- 
metamorphic)  daughter  nuclides,  (2)  the 
resetting  of  isotopic  clocks  during  meta- 
morphic recrystallization,  (3)  the  partial 
or  complete  resetting  during  cooling,  and 
(4)  subsequent  disturbances  of  the  iso- 
topic system  by  weathering  and  other 
kinds  of  low-temperature  alteration. 

Two  specific  questions  of  importance  in 
this  context  are,  under  which  meta- 
morphic conditions,  if  any,  a  Rb-Sr  iso- 
chron  of  whole-rock  samples  can  be  reset 
by  Sr  isotopic  homogenization,  and  how 
large  a  volume  of  rock  is  affected  by  the 
homogenization.  Results  presented  in  this 
study  show  that  no  such  resetting  took 
place  on  a  regional  or  on  a  local  (single 
outcrop)  scale  during  amphibolite-grade 
metamorphism  even  though  considerable 
migration  of  Rb  or  Sr,  or  both,  did  occur. 
Only  the  small  slices  cut  from  a  single 
sillimanite-bearing  sample  yield  a  reset 
isochron,  indicating  nearly  complete  iso- 
topic homogenization  of  Sr  on  the  scale 
of  about  20  cm. 

Figure  117  shows  a  simplified  map  of 
the  metamorphic  zones,  the  major  intru- 
sive plutons,  and  the  sample  locations, 
based  on  the  map  of  Hietanen  (1969). 
The  rocks  belong  stratigraphically  to  the 
lowermost  portion  of  the  Belt  Series  (Hie- 
tanen, 1968) ,  the  unmetamorphosed 
equivalent  of  which  has  yielded  a  whole- 
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Fig.  117.  Simplified  map  of  metamorphic  zones  (after  Hietanen,  1969)  labeled  by  metamorphic 
index  minerals  andalusite  (And),  kyanite  (Ky),  sillimanite  (Sill),  muscovite,  staurolite  (Stau), 
garnet,  and  biotite  in  the  lower  Beltian  metasediments  of  northern  Idaho.  Sample  locations  are 
marked  by  dots.    Intrusive  plutons  of  the  Idaho  batholith  are  represented  by  stippled  areas. 


rock  Rb-Sr  isochron  of  about  1300  m.y. 
(Obradovich  and  Peterman,  1968).  The 
region  was  selected  as  a  test  case  for  the 
response  of  various  radiometric  clocks  to 
different  degrees  of  regional  metamorph- 
ism.  The  close  spatial  association  of  the 
metamorphic  rocks  with,  and  the  increas- 
ing metamorphic  grade  toward,  the  Idaho 
batholith  (Hietanen,  1968)  were  thought 
to  be  convincing  independent  evidence  for 
the  Mesozoic-to-Tertiary  age  of  meta- 
morphism.  The  time  of  emplacement  of 
the  batholith  is  not  well  known,  however, 
and    evidence    for    earlier    metamorphic 


events  has  been  given  by  Hietanen  (1968) 
and  by  Reid  and  Greenwood  (1968). 
Thus  the  value  of  the  area  as  a  simple 
test  case  is  somewhat  diminished,  and  it 
becomes  necessary  to  use  models  to  inter- 
pret the  data. 

In  last  year's  report,  preliminary  Rb- 
Sr  and  K-Ar  data  were  given.  Extreme 
age  discordances  indicated  the  presence 
of  excess  argon  in  some  biotites.  This 
year,  although  much  of  the  effort  was 
given  to  setting  up  and  preliminary  test- 
ing of  a  new  gas  mass  spectrometer  and 
extraction  line,  more  extensive  Rb  and  Sr 
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Fig.  118.  Whole-rock  Rb-Sr  data  for  samples 
from  all  metamorphic  zones. 


analyses  were  made  on  the  mass  spec- 
trometers at  the  Department  of  Terres- 
trial Magnetism. 

Figure  118  shows  the  whole-rock  data 
from  the  sample  locations  shown  in  Fig. 
117.  No  effort  was  made  to  collect  large 
samples  for  this  purpose  because  the  in- 
terest was  in  the  observation  of  meta- 
morphic isotope  redistribution  rather 
than  in  the  ability  to  determine  a  pre- 
metamorphic  age  of  the  original  sedi- 
ments by  way  of  analyzing  large  samples 
that  would  have  remained  as  more  nearly 


closed  systems.  Most  of  the  whole-rock 
samples  analyzed  weighed  between  1  and 
5  pounds.  The  severe  scatter  of  the  data 
in  Fig.  118  shows  that  most  or  all  of  the 
samples  were  open  systems  after  a  suffi- 
ciently long  time  span  had  passed  to  build 
up  the  observed  differences  in  the  Sr87/ 
Sr86  ratios.  On  the  other  hand,  the  effect 
of  this  redistribution  was  not  intense 
enough  to  homogenize  the  rocks  isotop- 
ically  on  a  regional  scale  and  thus  to 
"reset"  the  original  sedimentary  isochron 
observed  by  Obradovich  and  Peterman 
(1968)  on  the  unmetamorphosed  equiva- 
lents of  these  rocks. 

Whole-rock  data  for  6  samples  col- 
lected from  a  fresh  road-cut  (100  m  long) 
in  the  sillimanite-muscovite  zone  (Fig. 
119)  show  that  even  at  its  highest  grade 
the  metamorphism  caused  Rb  or  Sr,  or 
both,  to  migrate  but  did  not  reset  the  iso- 
chron on  the  scale  of  a  single  outcrop.  A 
single  slab  (approximate  dimensions  20 
X  20  X  2  cm)  from  one  of  the  samples 
was  cut  into  smaller  slices  following  the 
compositional  layers  with  varying  pro- 
portions of  biotite,  muscovite,  feldspar, 
and  quartz.  The  analytical  results .  for 
these  small  slices,  shown  in  Fig.  120,  con- 
form fairly  closely  to  an  isochron  of  64 
m.y.  (ARb87  ==  1.39  X  10"11  yr"1).  The 
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Fig.  119.  Whole-rock  Rb-Sr  data  for  six  sam- 
ples from  a  single  outcrop  in  the  sillimanite- 
muscovite  zone.  The  dashed  lines  are  reference 
"isochrons"  that  do  not  represent  ages. 
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Fig.  120.  Rb-Sr  data  for  small,  whole-rock 
slices  {A,  B,  C,  D,  E,  and  G)  from  a  single 
sample  (sillimanite-muscovite  zone;  see  also 
Fig.  119),  and  for  muscovite  (MU)  and  biotite 
(Bi). 
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Fig.  121.  Whole-rock  Rb-Sr  data  for  small  slices  (A,  B,  C,  D,  and  E)  from  a  single  sample 
(garnet  zone).  Four  of  the  slices  fit  a  340-m.y.  isochron.  Also  shown  is  the  biotite  (Bi)-whole 
rock  (W.R.)  isochron  age  of  183  m.y. 


muscovite  value  lies  on  this  isochron  with 
a  Rb/Sr  ratio  that  is  similar  to  the  whole- 
rock  value,  so  that  an  individual  age  de- 
termination is  impossible.  The  biotite, 
on  the  other  hand,  has  a  much  higher 
Rb/Sr  ratio  and  gives  a  distinctly 
younger  age  of  54  m.y.  The  tentative 
conclusion  is  that  metamorphic  recrystal- 
lization  occurred  64  m.y.  ago  and  that  the 
younger  biotite  age  is  caused  by  the  slow 
cooling  or  a  later  reheating  of  the  terrane. 
Whole-rock  analyses  of  small  slices 
from  a  slab  of  fine-grained,  garnet-bear- 
ing, micaceous  quartzite  from  the  garnet 
zone  approximately  fit  a  340-m.y.  isochron 
(Fig.  121),  but  it  is  difficult  to  specify 
any  geological  event  of  that  age  at  this 
location,  especially  in  view  of  the  biotite 
ages  (see  below),  which  appear  to  be  ex- 
tremely variable  in  this  area.  The  mean- 
ing of  these  small-slab  isochrons  can  be 
evaluated  only  when  enough  data  have 


been   accumulated  so  that  the  regional 
pattern  becomes  discernible. 

Figure  122  gives  the  Rb-Sr  ages  of 
separated  biotites  as  a  function  of  meta- 
morphic grade.  All  these  ages  were  ob- 
tained from  two-point  isochrons  between 
biotite  and  whole  rock  (biotite  and  mus- 
covite in  a  few  cases).  The  ages  vary 
irregularly  between  40  and  60  m.y.  in  the 
sillimanite,  kyanite,  and  staurolite  zones, 
increase  sharply  to  about  200  m.y.  in  the 
garnet  zone,  and  reach  430  m.y.  in  the 
biotite  zone.  At  present,  it  is  not  possible 
to  give  a  unique  interpretation  to  these 
data.  One  possible  interpretation  is  that 
the  low-grade  zones  were  not  recrystal- 
lized  during  the  Mesozoic-Tertiary  meta- 
morphic episode  but  that  the  biotite 
crystallized  during  an  earlier,  possibly 
Precambrian  metamorphism  and  then 
suffered  partial  loss  of  radiogenic  Sr.  Al- 
ternatively, it  is  possible  that  the  biotite 
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Fig.  122.  Rb-Sr  ages  of  biotites  from  different 
metamorphic  zones,  labeled  by  the  index  min- 
erals sillimanite  (S),  muscovite  (M),  kyanite 
(K),  staurolite  (St),  garnet  (Ga),  and  biotite 
(Bi). 


was  formed  by  recrystallization  of  a  Pre- 
cambrian  glauconite  and  incorporated 
some  of  its  radiogenic  strontium.  This 
latter  possibility  cannot  be  dismissed  be- 
cause sericitic  muscovite,  the  major 
strontium-bearing  phase,  was  formed 
during  an  earlier  episode  of  metamorphic 
crystallization  and  retained  its  preferred 
orientation  (i.e.,  it  did  not  recrystallize) 
during  the  last  metamorphic  episode, 
when  the  biotite  and  garnet  porphyro- 
blasts  were  formed  (Hietanen,  1968).  It 
is  conceivable  that  the  glauconite  sur- 
vived the  earlier  episode  and  was  then 
transformed  into  biotite  at  a  temperature 
where  the  muscovite  (and  other  potential 
sources  of  common  strontium)  behaved 
as    closed    systems,   so   that   the   newly 


formed  biotite  could  receive  nearly  undi- 
luted radiogenic  strontium  from  its  par- 
ent phase.  The  Sr87/Sr86  ratios  of  Beltian 
glauconites  reported  by  Obradovich  and 
Peterman  (1968)  range  up  to  a  value  of 
2.4  and  are  roughly  compatible  with  such 
a  model.  Under  these  hypothetical  cir- 
cumstances, the  Rb-Sr  data  cannot  be 
used  to  determine  the  ages  of  the  crystal- 
lization or  "resetting"  events  involved. 
Neither  of  these  hypotheses  reconciles  the 
previously  discussed  isochron  age  of  340 
m.y.  with  the  apparent  biotite  ages  in  the 
garnet  and  biotite  zones.  The  alternative 
interpretations  can  be  tested  by  analyz- 
ing other  strontium-bearing  minerals  in 
the  low-grade  rocks  and  by  comparing  the 
Rb-Sr  data  with  K-Ar  ages  and  with  ad- 
ditional whole-rock  Rb-Sr  results. 

Sr87/Sr86  Ratios  of  Pore  Fluids  from 
Deep-Sea  Cores 

A.  Hojmann,  S.  R.  Hart,  and  P.  E.  Hare 

Initial  results  are  presented  on  the  iso- 
topic  composition  of  strontium  in  pore 
fluids  from  a  variety  of  deep-sea  sedi- 
ments of  Cretaceous  to  Quaternary  age. 
Small  postdepositional  changes  can  be 
easily  detected  because  the  initial  iso- 
topic  composition  of  the  fluids  (i.e.,  sea 
water  at  the  time  of  deposition)  is  well 
known  from  analyses  of  carbonate  fossils 
from  epicontinental  seas  (Peterman, 
Hedge,  and  Tourtelot,  1970)  and  of 
pelagic  foraminifera  (Dasch  and  Biscaye, 
1971).  The  carbonates  are  assumed  to 
represent  the  isotopic  composition  of  the 
sea  water  from  which  they  were  precipi- 
tated. Deviations  from  the  initial  com- 
position of  the  pore  fluid  will  be  indica- 
tive of  diagenetic  sediment-fluid  ex- 
change or  of  diffusive  migration.  Further- 
more, pore  fluids  may  be  drawn  into 
magma  chambers  as  suggested  by  Turi 
and  Taylor  (1971)  and  may  thus  con- 
taminate "primary"  magmas  with  radio- 
genic strontium.  On  the  other  hand,  if 
no  isotopic  exchange  or  migration  occurs 
in  deep-sea  sediments,  the  pore  fluids  will 
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Fig.  123.  Sr87/Sr86  ratios  versus  approximate 
age  of  deposition.  Rectangles:  estimated  95% 
error  limits  on  pore  fluid  analyses  on  JOIDES 
cores.  Crosses:  pelagic  foraminifera  analyzed 
by  Dasch  and  Biscaye  (1971).  Circles:  carbo- 
nate fossils  from  epicontinental  seas  (Peterman, 
Hedge,  and  Tourtelot,  1970).  All  analyses  nor- 
malized to  a  value  of  0.70800  for  the  Eimer  and 
Amend  SrC03  standard. 


preserve  the  isotopic  composition  of  the 
sea  water  at  the  time  of  deposition.  The 
Sr87/Sr86  ratio  of  sea  water  changed  from 
about  0.7075  to  0.7092  since  Cretaceous 
time  (Peterman,  Hedge,  and  Tourtelot, 
1970;  Dasch  and  Biscaye,  1971).  When 
the  function  Sr87/Sr86  ratio  versus  time 
has  been  calibrated  more  precisely,  the 
composition  of  the  pore  fluid  might,  there- 
fore, be  used  to  date  the  sediment. 

Figure  123  shows  results  of  the  initial 
analyses.  The  two  Tertiary  samples  are 
from  JOIDES  leg  2,  hole  9,  core  8,  section 
5,  and  from  leg  2,  hole  9,  core  10,  section 
2;  the  Cretaceous  sample  is  from  leg  2, 
hole  9A,  core  5,  section  2  (lat.  32°  46.4' 
N,  long.  59°  11.7'  W),  and  the  Quater- 
nary sample  is  from  leg  15,  hole  147-B, 
core  11,  section  3.  The  pore  fluids  were 
separated  by  centrifuging  the  wet  sedi- 
ment directly  at  34.000  g  (Quaternary 
sample)  or  by  centrifuging  a  slurry  of  the 
partially  dried  sample  clay  and  distilled 
water  (Cretaceous  and  Tertiary  samples). 

The  error  limits  in  these  analyses  of 
about  ±0.0002  in  the  Sr87/Sr86  ratios 
reflect  the  relatively  unstable  emission 
during  mass  spectrometry.  Also  shown  on 
Fig.  123  are  the  data  of  Dasch  and  Bis- 


caye (1971)  on  dated  pelagic  foramini- 
fera and  of  Peterman,  Hedge,  and  Tour- 
telot (1970)  on  various  fossil  carbonates. 
The  results  indicate  that  within  present 
limits  of  error  the  isotopic  composition  of 
the  pore  fluids  is  identical  with  that  of  the 
sea  water  at  the  time  of  deposition. 

The  Effect  of  Regional  Metamorphism 

on  U-Pb  Systems  in  Zircons  and  a 

Comparison  with  Rb-Sr  Systems 

in  the  Same  Whole  Rock 

T.  E.  Krogh  and  G.  L.  Davis 

The  interpretation  of  U-Pb  ages  of 
zircon  has  been  a  challenge  to  investiga- 
tors for  the  past  20  years  (for  a  recent 
discussion  see  Goldich,  Hedge,  and 
Stern,  1970).  Zircons  almost  invariably 
have  lost  radiogenic  lead  during  their 
history,  but  because  two  uranium  parent 
isotopes  produce  two  different  lead  iso- 
topes, a  line  for  the  lead  loss  can  usually 
be  established  on  a  concordia  diagram 
(Fig.  124),  and  the  "true"  geologic  age 
can  be  determined  by  the  upper  intersec- 
tion of  this  line  with  the  concordia  curve. 
To  determine  such  a  line,  the  zircon  popu- 
lation is  split  into  fractions  having  slight 
differences  in  magnetic  properties,  and 
the  samples  representing  the  extremes  in 
the  variations  are  analyzed.  Silver  (1963) 
demonstrated  that  the  more  magnetic 
zircons  almost  invariably  contain  more 
uranium  and  have  lost  more  lead,  i.e,  they 
lie  further  down  the  lead-loss  line. 

Several  apparent  paradoxes  have  been 
found.  Whereas  most  mineral  systems 
lose  daughter  products  and  consequently 
any  record  of  their  age  during  a  minor 
metamorphism,  zircons  in  many  of  these 
rocks  have  been  shown  to  be  almost  com- 
pletely unaffected.  Even  zircons  inherited 
by  assimilation  apparently  retain  a  de- 
tectable amount  of  their  old  radiogenic 
lead  (see  Mattinson,  this  report).  In 
these  cases,  zircon  U-Pb  systems  are  ex- 
tremely invulnerable  to  metamorphism, 
and  the  assumption  that  they  can  with- 
stand regional  metamorphism  seems  to  be 
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Fig.  124.  Concordia  diagram  for  zircons  from  a  single  block  of  French  River  granite,  French 
River,  Ontario.  The  data  points  result  from  the  analysis  of  fractions  differing  in  size  and  mag- 
netic susceptibility.  Numbers  indicate  grain  size:  1,  passed  325  mesh;  2,  passed  200  mesh;  3, 
passed  150  mesh ;  4,  retained  on  150  mesh ;  5,  retained  on  100-mesh  sieve.  Letters  indicate  mag- 
netic susceptibility;  N,  nonmagnetic  fraction;  M,  magnetic  fraction. 


well  founded.  In  contrast  with  this,  zir- 
cons commonly  have  lost  some  radiogenic 
lead  even  when  no  metamorphism  has 
occurred.  This  loss,  usually  attributed 
to  destruction  of  the  lattice  by  radiation 
damage,  has  been  interpreted  as  a  result 
of  continuous  diffusion  (Tilton,  1960) 
and  more  recently  as  a  result  of  uplift 
and  erosion  (Goldich,  Hedge,  and  Stern, 
1970) .  Other  investigators  have  inter- 
preted this  loss  of  lead  as  having  occurred 
during  a  single  episode  (e.g.,  Wetherill, 
1956;  Silver,  1963).  Oddly  enough,  data 
from  one  area  appear  to  confirm  the  diffu- 
sion curve  predicted  by  Tilton's  model, 
whereas  those  from  another  area  appear 
to  confirm  an  episodic  lead  loss.  Most  of 
the  lead-loss  lines  for  various  models  are 
not  very  different,  and  insofar  as  the 
upper  intersection  is  the  most  relevant 
parameter  it  is  difficult  to  justify  the 
attention  that  these  lines  have  received. 
If  lines  for  two  lead-loss  mechanisms  are 
different,  however,  and  two  periods  of 
lead  loss  have  occurred,  as  will  be  demon- 


strated in  this  report,  then  a  unique  inter- 
pretation of  discordant  data  will 
normally  be  impossible.  A  lead  loss  of 
the  type  predicted  by  Tilton's  model  for 
a  zircon  population  1725  m.y.  old  is 
shown  as  a  broken  line  on  Fig.  124. 

To  test  the  effects  of  regional  meta- 
morphism on  zircon  ages,  a  detailed  study 
has  been  made  of  the  zircons  from 
a  single  sample  of  granite,  three  samples 
from  the  paragneiss  country  rocks,  and 
two  local  pegmatite  pods  associated  with 
boudin  structures.  The  French  River 
granite,  outcropping  about  70  km  south 
of  Sudbury,  Ontario,  has  a  whole-rock 
Rb-Sr  age  of  1725  m.y.  {Year  Book  66). 
The  area  probably  underwent  amphibol- 
ite-facies  regional  metamorphism  about 
1000  m.y.  ago,  as  shown  by  the  age  of  the 
pegmatite  pods.  The  granite  and  para- 
gneiss were  chosen  for  investigation  be- 
cause the  effect  of  the  younger  regional 
metamorphism  about  1000  m.y.  ago  on 
the  Rb-Sr  systems  of  these  rocks  has 
already  been  evaluated.    In  that  study, 
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points  representing  the  isotopic  composi- 
tion of  the  strontium  and  the  concentra- 
tion of  rubidium  and  strontium  of  sam- 
ples of  the  granite  lie,  almost  within 
experimental  error,  on  a  1725-m.y.  iso- 
chron,  even  though  individual  minerals 
had  exchanged  strontium  between  ad- 
jacent grains  about  1000  m.y.  ago.  Also, 
a  lack  of  isotopic  mixing  of  the  strontium 
between  adjacent  2-  to  3-cm  slices  of 
layered  paragneiss  in  this  area  has  been 
demonstrated  (  Year  Book  66  and  Year 
Book  68) .  Because  the  effects  of  the 
younger  metamorphism  on  the  Rb-Sr  sys- 
tems were  very  limited,  it  was  concluded 
that  the  major  metamorphism  probably 
occurred  1500  to  1800  m.y.  ago. 

Knowledge  of  the  extent  of  the  younger 
metamorphism  has  now  been  expanded. 
By  utilizing  the  new  method  of  analysis 
for  zircons  it  was  possible  to  make  precise 
analyses  of  the  limited  amounts  of  zircons 
found  in  small  pods  of  pegmatite  that 
apparently  formed  during  the  folding 
and  presumably  during  the  regional 
metamorphism. 

A  U-Pb  age  of  1025  m.y.  for  zircon  in 
these  pegmatites  suggests  that  this  late 
metamorphism  produced  the  metamor- 
phic  characteristics  and  structural  fabric 
recorded  in  the  paragneisses  today.  In 
sharp  contrast  to  the  behavior  of  the 
Rb-Sr  systems,  the  zircon  U-Pb  systems 
in  both  the  granite  and  the  paragneiss 
were  strongly  disturbed  during  the 
younger  metamorphism,  and  any  evi- 
dence of  a  metamorphism  1500  to  1800 
m.y.  ago  has  been  obliterated.  The  results 
also  show  that  a  linear  array  on  a  Con- 
cordia diagram  can  occur  even  though 
the  intercepts  with  concordia  are  spurious. 

Zircons  from  the  French  River  Granite 

The  results  of  the  uranium  and  lead 
analyses  of  the  zircons  from  a  single 
block  of  the  French  River  granite  are 
shown  on  Fig.  124  as  daughter-parent 
ratios.  The  data  points  for  the  zircons 
occupy   an   area  on  the  concordia   dia- 


gram instead  of  falling  along  a  single 
line.  This  distribution,  which  has  not 
been  documented  previously  for  a  single 
block  of  rock,  has  serious  implications. 
Now  it  appears  that  an  infinite  number 
of  lines  of  lead  loss  is  possible,  and  that 
no  specific  information  concerning  the 
original  age  of  these  zircons  can  be  de- 
rived. Only  a  minimum  age  for  each 
zircon  population  can  be  assigned;  the 
highest  minimum  age  value  for  zircons 
in  this  rock  is  1670  m.y.  As  will  be  out- 
lined below,  these  results  were  achieved 
by  analyzing  very  small  amounts  (0.6  to 
10  mg)  of  zircon,  representing  the  ex- 
treme variations  in  size  and  magnetic 
susceptibility  present  in  the  bulk  sample. 

The  entire  sample  of  zircons  from  the 
granite  was  first  divided  on  the  basis  of 
slight  differences  in  magnetic  suscepti- 
bility. The  least  magnetic  fraction  was 
then  separated  into  two  fractions,  using  a 
150-mesh  sieve,  and  a  portion  of  each 
was  analyzed  to  yield  data  points  3N(a) 
(563  ppm  U)  and  4N  (497  ppm  U)  on 
Fig.  124.  The  remainder  of  the  +150- 
mesh  fraction  was  later  sized  to  give  the 
largest  grains  (  +  100  mesh)  present  in  the 
population  (data  point  5N,  461  ppm  U), 
and  the  remainder  of  the  — 150  mesh 
fraction  was  sized  to  give  the  smallest 
grains  (data  point  IN,  685  ppm  U) .  Two 
portions  of  the  latter  sample  (3  and  4 
mg) ,  analyzed  7  months  apart,  agreed  to 
within  2  m.y.  in  lead-lead  age  and  to 
within  0.5%  in  U-Pb  ratio. 

These  data,  which  lie  on  the  solid  line 
AB  in  Fig.  124,  provide  a  remarkable 
confirmation  of  the  precision  of  the  anal- 
yses because  almost  all  possible  errors 
would  tend  to  move  a  data  point  up  or 
down  a  line  through  the  origin  crossing 
the  solid  line  at  a  high  angle.  Points  on 
this  line  include  the  first  samples  ever 
analyzed  by  the  new  technique  ( Year 
Book  70),  samples  3N(a)  (16Q  mg)  and 
4N  (200  mg) ,  dissolved  in  June  1970,  and 
samples  analyzed  as  recently  as  June 
1972  (3.6,8.4,  10,  and  20  mg). 
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Data  points  for  the  more  magnetic  zir- 
cons, samples  1M  (3.5  mg)  and  5M  (9 
mg),  lie  below  the  solid  line.  The  clear 
grains  have  the  lowest  uranium  content. 
A  1-mg  sample  of  these,  hand-picked 
from  the  remainder  of  bottle  4N,  gave  a 
data  point  that  falls  above  the  solid  line. 
The  points  for  zircon  with  a  given  grain 
size  therefore  are  disposed  along  lines  like 
the  dotted  lines  shown,  by  amounts  pro- 
portional to  their  uranium  content.  These 
lines  could  have  been  generated  by  a  loss 
of  lead  similar  to  that  affecting  zircons 
from  rocks  that  have  not  been  meta- 
morphosed, as  discussed  earlier. 

The  disposition  of  the  points  along  the 
solid  line  AB  and  the  measured  uranium 
concentrations  indicate  that  as  the  grain 
size  decreases,  the  uranium  content  in- 
creases and  that  the  points  are  displaced 
to  the  left  along  the  line.  This  relation- 
ship is  interpreted  as  indicating  that  the 
smaller  grains  were  influenced  to  a 
greater  degree  by  the  regional  meta- 
morphism,  probably  by  lead  loss  asso- 
ciated with  high-temperature  recrystal- 
lization,  or  possibly  by  the  formation  of 
new  grains  or  by  addition  of  uranium 
during  metamorphism. 

The  solid  line  shown  is  no  doubt  just 
one  of  a  number  of  similar  lines  that 
might  be  obtained  if  more  sizes  and  mag- 
netic fractions  were  analyzed.  Therefore, 
the  upper  and  lower  intercepts  with  con- 
cordia,  1040  and  1965  m.y.,  probably 
have  no  geological  meaning.  In  fact,  the 
occurrence  of  data  points  above  and  be- 
low line  AB  (Fig.  124)  demonstrates  that 
at  most  only  one  of  the  intercepts  can  be 
meaningful.  A  line  such  as  AB  is  prob- 
ably generated  because  the  zircon  popula- 
tion exhibits  a  continuous  variation  in 
both  uranium  content  and  grain  size,  the 
two  parameters  that  apparently  con- 
trolled the  magnitude  of  the  effect  of  the 
first-  and  second-stage  disturbances.  If 
this  is  true,  then  the  collinearity  of  U-Pb 
data  for  several  zircon  fractions  on  a 
concordia  diagram  does  not  prove  that  a 


valid  primary  age  can  be  derived  from  the 
data.  Such  a  "proof"  for  a  valid  age  is 
often  given.  A  lead-loss  phenomenon 
related  to  radiation  damage  might  be  ex- 
pected to  produce  diffusion  domains  un- 
related to  the  external  grain  dimensions. 
Therefore,  the  upper  intercept  with  the 
concordia  curve  probably  has  no  geo- 
logical meaning.  This  conclusion  conflicts 
with  that  of  Goldich,  Hedge,  and  Stern 
(1970),  who  interpreted  the  upper  inter- 
cept for  zircons  from  the  Morton  gneiss 
in  Minnesota  to  be  a  valid  primary  age. 
It  is  interesting  to  note  that  if  line  AB  on 
Fig.  124  is  translated  upward  in  a  parallel 
fashion  to  give  a  lower  intercept  of  1320 
m.y.,  an  upper  intercept  of  1700  m.y.  will 
result  (line  CD) .  This  age  would  be  com- 
patible with  the  whole-rock  Rb-Sr  age, 
but  the  agreement  is  probably  fortuitous. 
Finally,  it  is  pointed  out  that  the  two 
circled  data  points  on  Fig.  124  represent 
results  obtained  several  years  ago  by 
borax  fusion  with  large  samples.  The 
more  magnetic  fraction  was  obtained 
from  a  fraction  of  smaller  grain  size  than 
the  nonmagnetic  sample.  The  two  points 
were  joined  by  a  line  that  was  projected 
to  the  concordia  curve  to  yield  an  appar- 
ent age  of  1740  m.y.  It  is  now  obvious 
that  this  interpretation  is  not  valid  and 
that  the  agreement  with  the  Rb-Sr  ages 
was  fortuitous.  It  is  emphasized  because 
this  kind  of  projection  has  been  made 
here  as  well  as  by  other  investigators  and 
because  the  collinearity  of  the  data  has 
been  given  as  proof  that  a  valid  age  has 
been  measured.  From  the  new  data  it  is 
concluded  that  such  arguments  are  only 
true  if  zircons  with  a  single  time  of 
formation  are  present  and  if  they  have 
been  affected  by  only  one  mechanism  of 
lead  loss.  The  presence  of  zircons  with 
more  than  one  apparent  age  was  demon- 
strated in  this  case  by  analyzing  zircons 
representing  the  extreme  variations  in 
grain  size  and  magnetic  properties.  This 
criterion  promises  to  become  valuable  in 
assessing  the  geological  meaning  of  U-Pb 
age  determinations. 
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Zircons  from  the  French  River 
Paragneisses 

The  paragneisses  surrounding  the 
French  River  granite  have  been  meta- 
morphosed (1500-1800  m.y.  ago)  to  the 
amphibolite  facies  and  folded  into  a 
southeast-plunging  synclinorium  (Hewitt, 
1960;  Lumbers,  1970).  Field  relationships 
imply  that  detrital  zircons  in  these  rocks 
must  be  older  than  the  granite  (1725  m.y. 
by  the  whole-rock  Kb-Sr  method)  and 
possibly  as  old  as  2700  m.y.,  the  age  of  a 
probable  source  region  for  the  metasedi- 
ments.  In  order  to  evaluate  the  effect  of 
the  regional  metamorphism  (about  1000 
m.y.  ago)  on  the  zircons  and  to  determine 
whether  they  can  be  used  to  obtain  the 
age  of  the  source  region,  different  sizes 
and  magnetic  fractions  of  the  zircons 
have  been  analyzed  from  two  feldspathic 
paragneiss  layers  (70-140  and  66-88)  and 
from   a   sample   of   muscovite   quartzite 


(65-145)  collected  about  75  miles  to  the 
northeast.  The  paragneiss  block  (66-88) 
and  the  layers  adjacent  to  it  were  pre- 
viously used  in  a  study  of  strontium 
migration,  ( Year  Book  66  and  Year  Book 
68) .  In  that  study,  it  was  demonstrated 
that  the  isotopes  of  strontium,  a  key  ele- 
ment in  Rb-Sr  dating,  had  not  been  mixed 
between  adjacent  2  to  3-cm  layers  dur- 
ing the  younger  metamorphism,  even 
though  isotopic  mixing  between  adjacent 
microcline,  plagioclase,  biotite,  and 
apatite  grains  within  a  given  rock  volume 
did  occur. 

The  U-Pb  isotopic  data  for  the  zircons 
in  these  rocks  reveal  the  unexpected  re- 
sult that  there  is  no  indication  of  the  age 
of  an  ancient  source  region  and  that  the 
oldest  apparent  age  is  about  1500  m.y.  The 
age  pattern  (Fig.  125)  is  like  that  for 
zircons  from  the  granite  in  which  the 
largest  grains  have  the  oldest  apparent 
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Fig.  125.  Concordia  diagram  for  zircons  from  two  samples  of  the  French  River  paragneiss  and 
from  two  small  pegmatite  segregations  associated  with  boudin  structures  in  the  paragneiss.  A 
quartzite  from  another  part  of  the  Grenville  province  is  also  shown.  Notation  for  data  points  as 
in  Fig.  124. 
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age  and  the  smallest  grains  have  the 
youngest  apparent  age.  All  of  the  data 
points  for  zircons  from  the  paragneiss 
and  quartzite  lie  to  the  left  of  the  points 
for  the  zircons  from  the  French  River 
granite.  These  zircons,  therefore,  were 
more  strongly  affected  by  the  younger 
metamorphism  (about  1000  m.y.  ago). 
Circled  data  points  IN  and  1M  for  —325 
mesh  zircons  from  sample  66-88  (Fig. 
125)  have  an  upper  intersection  with  the 
concordia  curve  at  about  1320  m.y., 
whereas  the  coarser  grains  from  the  same 
rock,  designated  as  circles  (2M,  2N,  and 
2N  Clear),  project  to  an  intersection  at 
about  1450  m.y.  Triangular  data  points 
designated  2N  and  2N  Clear  on  Fig.  125 
project  to  1475  m.y.,  and  the  crosses 
designated  2N  and  2M  project  to  about 
1500  m.y.  for  zircons  from  the  paragneiss 
sample  (70-140)  and  the  quartzite  sample 
(65-145).  In  contrast,  the  fine-grained 
samples  ( — 325  mesh)  from  all  three 
rocks,  shown  as  circles,  crosses,  and  tri- 
angles labeled  IN  on  Fig.  125,  all  lie  very 
close  to  a  single  line  through  circles  1M 
and  IN  for  an  age  of  1320  m.y.  Because 
the  finer  grain  sizes  give  data  points  that 
lie  to  the  left  on  the  figure,  they  have  been 
more  strongly  affected  by  the  younger 
metamorphism.  The  coincidence  of  the 
data  for  fine-grained  samples  from  the 
three  rock  types  implies  that  1320  m.y. 
could  be  an  upper  limit  for  the  time  of 
the  disturbance  of  U-Pb  systems,  i.e.,  the 
time  of  amphibolite-facies  metamorphism 
in  the  region.  This  result  would  be  com- 
patible with  the  observation  that  the 
largest  intrusive  bodies  in  the  French 
River-North  Bay  region  have  a  whole- 
rock  Rb-Sr  age  of  1330  m.y.  and  have 
been  completely  recrystallized  and  de- 
formed at  their  margins  by  regional  meta- 
morphism since  that  time  {Year  Book 
65;  Lumbers,  1971).  As  was  the  case  for 
the  French  River  granite,  the  hand- 
picked  clear  grains  of  zircon  from  both  of 
the  paragneiss  samples  (sample  size  0.6 
and  0.7  mg)  have  the  lowest  concentra- 


tion of  uranium,  and  the  data  points  lie 
closest  to  the  concordia  curve. 

The  data  points  for  zircons  of  a  given 
grain  size,  split  according  to  their  mag- 
netic properties,  define  a  series  of  sub- 
parallel  lines  on  Fig.  125.  These  lead-loss 
lines  are  interpreted  to  be_similar  to  those 
found  for  zircons  from  unmetamorphosed 
rocks  because,  as  is  usually  the  case,  the 
degree  of  lead  loss  is  proportional  to  the 
uranium  content.  The  occurrence  of  more 
than  one  such  line  is  considered  to  be  the 
result  of  an  extensive  loss  of  lead  or  the 
formation  of  new  zircons  during  the 
younger  metamorphism.  Because  sample 
66-88  is  the  only  one  that  shows  a  sig- 
nificant amount  of  overgrowth  on  the 
zircons,  the  latter  mechanism  is  not  ade- 
quate to  explain  the  general  disturbance 
noted. 

Zircons  from  samples  other  than  66-88 
are  invariably  rounded  and  have  reen- 
trant angles  along  fractures  suggestive  of 
resorption  during  metamorphism.  An- 
other mechanism  for  displacing  the  data 
points  toward  the  time  of  the  younger 
metamorphism  could  be  an  addition  of 
uranium,  rather  than  a  loss  of  lead.  This 
possibility  seems  unlikely,  because  the 
three  data  points  for  fine-grained  zircons 
that  plot  together  (triangle,  circle,  and 
cross  marked  IN  on  Fig.  124)  contain 
585,  1106,  and  913  ppm  U,  respectively, 
so  that  the  original  uranium  levels  would 
have  to  be  extremely  low  in  the  zircons 
before  metamorphism.  A  loss  of  lead  by 
diffusion  during  metamorphism,  then,  ap- 
pears to  be  the  most  likely  explanation 
for  the  displacement  of  the  U-Pb  data 
points  toward  the  time  of  the  younger 
event. 

Zircons  from  Locally  Derived  Pegmatites 
in  the  French  River  Paragneiss 

Within  the  paragneiss,  small  pods  of 
pegmatitic  material  have  formed,  adja- 
cent to  layers  of  amphibolite  that  were 
disrupted  to  form  boudins  during  regional 
metamorphism  and  folding.  These  segre- 
gations apparently  formed  relatively  late 
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in  the  metamorphic  history  of  the  rock 
because  they  are  not  so  deformed  or 
foliated  as  the  rocks  in  which  they  occur; 
however,  they  did  form  while  the  rocks 
were  still  hot  and  plastic. 

Zircons  from  these  pegmatites  are  rela- 
tively large,  up  to  2  mm  in  length,  with 
planar  faces  and  sharp  terminations,  and 
are  very  different  from  the  smaller, 
rounded,  irregular  grains  that  occur  in  the 
adjacent  paragneiss.  By  using  the  new 
zircon  technique  it  was  possible  to  do 
precise  dating  of  small  amounts  (2  to  4 
mg)  of  these  zircons.  Samples  from  two 
pegmatites  were  analyzed,  and  the  results 
are  shown  as  crosses  on  Fig.  125.  Sample 
70-141  is  labeled  on  the  diagram.  The 
other  two  data  points  represent  a  mag- 
netic and  a  nonmagnetic  fraction  from 
sample  70-94.  The  age  determined,  1025 
m.y.,  gives  the  time  of  the  waning  stages 
of  metamorphism  and  folding  in  this  area. 
A  1025-m.y.  age  has  also  been  determined 
for  a  post-tectonic  pegmatite  dike,  about 
30  km  from  this  area.  In  one  sample 
(designated  cross  N  on  Fig.  125)  large, 
opaque,  rounded  cores  with  clear  over- 
growths are  present.  To  investigate  the 
possibility  that  two  periods  of  zircon 
growth  had  occurred,  a  few  grains  (4-mg 
sample)  without  overgrowths  were 
selected,  and  several  clear  terminations 
(overgrowths;  1.7-mg  sample)  were 
broken  from  grains  with  cores.  The  lead- 
lead  ages  for  the  two  samples  differed 
by  only  5  m.y.  (the  terminations  were 
younger),  and  the  U-Pb  ratios  differed 
by  only  0.1%.  Therefore,  two  periods  of 
zircon  growth  in  the  pegmatites  are  not 
indicated.  The  lead-loss  line  indicated 
for  these  samples  is  similar  to  that  pre- 
dicted by  the  Tilton  continuous-diffusion 
model. 

The  technique  of  analyzing  small 
amounts  of  zircons  from  small  pegmatite 
pods  formed  during  metamorphism  prom- 
ises to  be  very  useful  for  measuring  the 
time  of  migration  in  high-grade  meta- 
morphic rocks.  In  such  small  segrega- 
tions of  coarse-grained  material,  whole- 


rock  Rb-Sr  age  determination  is  usually 
impossible,  and  the  age  obtained  from 
analysis  of  other  minerals  with  the  use  of 
different  radiometric  systems  will  nor- 
mally give  only  the  time  of  final  cooling 
of  the  region.  For  example,  biotite  from 
the  French  River  granite  gives  a  Rb-Sr 
age  of  about  900  m.y.  {Year  Book  66). 
Zircons,  especially  large  grains,  probably 
will  not  lose  lead  during  the  gradual 
cooling  of  the  region. 

Paragneiss  sample  70-140  was  col- 
lected about  3  m  from  one  of  the  pegma- 
tite samples  (70-141,  Fig.  125).  In  this 
sample,  the  zircons  in  the  paragneiss  did 
not  lose  all  of  their  radiogenic  lead  at  a 
time  when  new  zircons  were  forming  in  a 
boudimstructure  nearby. 

Finally,  it  is  noted  that  a  line  drawn 
through  data  points  for  several  samples 
of  nonmagnetic  zircons  has  a  lower  inter- 
section close  to  the  age  of  the  pegmatite 
pods.  However,  because  of  the  occurrence 
of  data  points  above  and  below  this  line, 
this  agreement  appears  to  be  coincidental. 

Conclusions 

The  zircons  from  both  the  French 
River  granite  and  the  adjacent  para- 
gneisses  have  been  strongly  affected  by  a 
metamorphism  1320  to  1025  m.y.  ago.  At 
that  time  loss  of  lead  and,  to  a  lesser 
degree,  formation  of  new  zircons  oc- 
curred, so  that  the  U-Pb  data  points  were 
displaced  toward  the  time  of  this  event. 
In  all  four  rock  types  studied,  the  amount 
of  the  displacement  was  proportional  to 
the  size  of  the  zircons,  with  the  smaller 
grains  showing  the  larger  effects.  Since 
this  time,  and  perhaps  preceding  it,  the 
data  points  have  apparently  been  dis- 
placed along  another  series  of  lines  that 
cross  the  earlier  set  at  a  high  angle,  so  that 
zircons  from  a  single  sample  occupy  an 
area  rather  than  a  line  on  the  concordia 
diagram.  For  a  given  grain  size,  the  de- 
gree of  displacement  along  these  lines  is 
proportional  to  the  uranium  content.  This 
effect  is  similar  to  that  noted  earlier  by 
Silver    (1963)    and   others,  who  showed 
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that  for  a  single  suite  of  oogenetic  zircons 
the  displacement  of  the  data  below  the 
concordia  curve  increased  with  an  in- 
crease in  the  uranium  concentration. 
With  this  in  mind,  the  results  are  similar 
to  those  that  would  be  obtained  if  zir- 
cons of  more  than  one  age  were  present 
and  if  the  smallest  zircons  in  thH  mixture 
had  the  youngest  age.  It  is  concluded 
that  no  unique  method  for  deriving  the 
true  geologic  age  of  the  zircons  is  possible 
unless  an  accurate  extrapolation  can  be 
made  of  the  data  points  to  their  position 
prior  to  the  second  stage  of  lead  loss. 

In  comparing  the  effects  of  the  regional 
metamorphism  on  the  U-Pb  ages  of  zir- 
cons and  on  the  Rb-Sr  ages  of  whole 
rocks  from  the  same  outcrops  {Year  Book 
66  and  Year  Book  68) ,  it  is  concluded 
that  in  this  case  the  whole-rock  Rb-Sr 
dating  system  is  far  superior.  Lead  is 
apparently  excluded  from  zircon  crystals 
during  recrystallization,  as  would  be  ex- 
pected from  the  observation  that  common 
lead  is  excluded  during  magmatic  crys- 
tallization (Krogh,  Year  Book  70) .  In 
the  whole-rock  Rb-Sr  dating  system,  the 
feldspars  are  undersaturated  with  respect 
to  strontium,  and  in  these  rocks  strontium 
does  not  migrate  between  adjacent  whole- 
rock  volumes  on  a  scale  of  several  centi- 
meters during  a  metamorphism  that 
strongly  disturbed  the  U-Pb  system  in 
zircons  (Krogh  and  Davis,  Year  Book  66, 
Year  Book  67,  and  Year  Book  68) . 

U-Pb  Studies  of  Plutonic  Rocks  of 
the  Salinian  Block,  California 

James  M.  Mattinson,  Clifford  A.  Hopson* 
and  Terry  E.  Davist 

Last  year  the  results  of  U-Pb  isotopic 
studies  of  a  trondhjemitic  pluton  from  the 
Salinian  Block  of  California  were  re- 
ported (Mattinson,  Davis,  and  Hopson, 
Year  Book  70).    On  the  basis  of  those 

*  Department  of  Geological  Sciences,  Uni- 
versity of  California,  Santa  Barbara. 

t  Geology  Department,  California  State  Col- 
lege, Los  Angeles. 


studies,  it  was  suggested  that  the  trond- 
hjemite  was  emplaced  about  61  m.y.  ago 
and  that  its  formation  had  involved 
anatexis  of,  or  contamination  by,  crustal 
rocks,  probably  of  Paleozoic  age.  In 
order  to  evaluate  further  the  origin  and 
history  of  plutonic  rocks  of  the  Salinian 
Block,  our  studies  have  been  expanded  to 
include  six  additional  Salinian  plutonic 
rocks  from  Bodega  Head,  Point  Reyes 
Peninsula,  and  the  Santa  Lucia  Moun- 
tains (Fig.  126).  The  results  of  U-Pb 
work  on  these  additional  samples  are 
reported  in  this  study.  Rb-Sr  analyses 
and  detailed  geologic  descriptions  will  be 
reported  elsewhere. 

Concentrates  of  feldspar,  apatite, 
sphene,  and  zircon  were  prepared  by  the 
usual  methods  and  analyzed  for  Pb  iso- 
topic compositions  and  U  and  Pb  con- 
centrations. Analytical  techniques  were 
similar  to  those  described  last  year — 
except  for  sphene,  which  was  digested  in 
HF  in  a  Teflon  bomb  at  220°C  (c/.  zir- 
con method  of  Krogh,  Year  Book  69  and 
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Fig.  126.  Map  of  California  showing  Salinian 
Block  in  relation  to  the  Sierra  Nevada  and  the 
Franciscan  terrane.  Sample  localities  marked 
with  closed  circles  are,  from  northwest  to  south- 
east, Bodega  Head,  Point  Reyes  Peninsula,  and 
the  Santa  Lucia  Range. 


572 


CARNEGIE     INSTITUTION 


150 


0  1000       2000       3000      4000       5000      6000      7000      8000      9000 

U238/Pb204 

Fig.  127.   U-Pb  isochron  for  minerals  from  the  Bodega  Head  granodiorite  (BH-1).   Slope  deter- 
mined by  linear  regression.   Errors  are  at  the  95%  confidence  level. 


Year  Book  70) .  U  and  Pb  were  separated 
by  the  Ba(N03)2-anion  exchange  method 
described  last  year  for  apatite.  Minimi- 
zation of  the  amounts  of  reagents  used 
reduced  the  Pb  blank  for  the  sphene  and 
apatite  procedures  to  7  ng  per  analysis. 

U-Pb  mineral  isochrons  for  grano- 
diorite from  Bodega  Head  (BH-1)  (Fig. 
127)     and    trondhjemite     (PR-1)     and 


quartz  monzonite  orthogneiss  (PR-2) 
from  the  Point  Reyes  Peninsula  (Figs. 
128  and  129,  respectively)  indicate  ages 
of  95  ±  1,  94  ±  1,  and  92  ±  8  m.y., 
respectively.  The  ages  are  identical 
within  the  limits  of  error.  The  isotopic 
compositions  of  Pb  from  separate  un- 
spiked  digestions  of  feldspar,  apatite,  and 
sphene  from  the  granodiorite  (BH-1)  and 
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Fig.  128.  U-Pb  isochron  for  minerals  from  trondhjemite  from  the  Point  Reyes  Peninsula.  Slope 
determined  by  linear  regression.    Errors  are  at  the  95%  confidence  level. 
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Fig.  129.  U-Pb  isochron  for  minerals  from  quartz  monzonite  orthogneiss  from  the  Point  Reyes 
Peninsula  (PR-2).  No  sphene  was  recovered  from  this  sample.  Slope  determined  by  linear  re- 
gression.  Errors  are  at  the  95%  confidence  level. 
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Fig.  130.   Isotopic  composition  of  Pb  in  minerals  from  BH-1  and  PR-1.    Slope  determined  by 
linear  regression.   Errors  are  at  the  95%  confidence  level. 
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Fig.  131.  U-Pb  isochron  for  minerals  from  quartz  diorite  (SL-1),  trondhjemite  (SL-2),  and 
granodiorite  (SL-4)  from  the  Santa  Lucia  Range.  Sphene  was  recovered  only  from  SL-4.  Slope 
determined  by  linear  regression.   Errors  are  at  the  95%  confidence  level. 


trondhjemite  (PR-1)  are  plotted  in  Fig. 
130.  The  slope  of  the  line  of  best  fit 
through  the  data  indicates  an  age  of  80 
±  13  m.y.  This  age  is  in  very  good  agree- 
ment with  the  pb206/U238  ages  of  these 
samples  (Figs.  127  and  128),  especially 
when  the  relatively  young  age  and  the 
modest  degree  of  enrichment  in  Pb207 
are  considered.  A  K-Ar  age  of  92  m.y. 
was  previously  reported  for  hornblende 
from  the  Bodega  Head  granodiorite 
(BH-1)  by  Compton  (1966). 

The  mineral  isochron  for  quartz  diorite 
(SL-1),  trondhjemite  (SL-2),  and  grano- 
diorite (SL-4)  from  the  Santa  Lucia 
Range  indicates  an  age  of  79  ±  2  m.y. 
(Fig.  131).  SL-1  and  SL-2  are  from  dif- 
ferent parts  of  the  same  "charnokitic" 
pluton.  A  separate  plot  of  the  isotopic 
composition  of  Pb  is  not  shown,  owing  to 
the  small  number  of  points  available  at 
this  time  and  the  very  low  degree  of  en- 
richment in  radiogenic  Pb207  (16%  maxi- 
mum). Previously  reported  K-Ar  ages 
of  biotites  from  igneous  and  metamorphic 
rocks  from  this  part  of  the  Santa  Lucia 
Range  are  70,  75,  and  78  m.y.  (in  Comp- 
ton, 1966) . 


Analyses  of  fractions  of  zircons  from 
the  six  samples  are  plotted  on  a  concordia 
diagram  (Fig.  132).  Zircons  from  all  the 
samples  except  PR-2  are  very  nonmag- 
netic and  were  split  into  size  fractions. 
Zircons  from  PR-2  show  a  wide  range  of 
magnetic  susceptibility  and  were  split 
into  fractions  using  the  Frantz  magnetic 
separator. 

The  zircons  fall  into  two  general  groups 
on  the  basis  of  their  isotopic  character- 
istics— those  with  essentially  concordant 
ages,  including  BH-1,  SL-1,  and  SL-2; 
and  those  with  clearly  discordant  ages, 
including  PR-1,  PR-2,  and  SL-4.  Zircons 
from  the  first  group  have  the  following 
characteristics:  (1)  The  ages  are  essen- 
tially concordant;*  (2)  Pb206/U238  ages 
show  a  limited  range  (99.9  to  97.4  m.y.), 
the  ages  of  fine-grained  fractions  being 
consistently  lower  than  the  ages  of  the 
corresponding    coarse-grained    fractions; 

*  In  detail  the  Pb207Pb206  ages  are  consistently 
higher  than  the  Pb207U238  ages  by  12  to  23  m.y. 
for  seven  fractions  of  zircon  from  these  three 
samples.  Whether  this  discrepancy  stems  from 
actual  age  discordance,  systematic  analytical 
bias,  or  uncertainty  concerning  the  decay  con- 
stant has  not  yet  been  fully  evaluated. 
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Fig.  132.  Portion  of  a  concordia  diagram  with  analyses  of  zircons  from  Salinian  Block  plutons. 
Open  symbols  represent  coarse-grained  fractions,  closed  symbols  represent  fine-grained  fractions, 
and  shaded  symbols  represent  unsized  bulk  samples.  Shaded  symbols  for  PR-2  are  unsized  frac- 
tions of  different  magnetic  susceptibilities. 


and  (3)  Pb207/Pb206  ages  of  coarse-  and 
fine-grained  fractions  are  identical.  Zir- 
cons from  the  second  group  show  the  fol- 
lowing characteristics:  (1)  The  ages  are 
discordant     (Pb207/Pb206     ages     exceed 

pb206/TJ238  ageg  by  up  tQ  1Q5  my.)  •  (2) 
pb206/TJ238     ageg     range     from     1Q4    to    90 

m.y.;  and  (3)  Pb207/Pb206  ages  of  coarse- 
grained fractions  are  consistently  greater 
than  Pb207/Pb206  ages  of  the  correspond- 
ing fine-grained  fractions. 

Discussion 

Comparison  of  the  isotopic  ages  of 
minerals  from  Salinian  Block  plutons 
suggests  complex  and  varied  origins  and 
thermal  histories.  The  tight  grouping  of 
essentially  concordant  ages  (Fig.  132)  for 
size  fractions  of  zircon  from  the  Bodega 


Head  granodiorite  (BH-1)  suggests  mag- 
matic  crystallization  about  100  m.y.  ago. 
The  U-Pb  isochron  (Fig.  127)  for  feld- 
spar, apatite,  and  sphene  from  the  pluton 
indicates  that  these  minerals  became 
closed  systems  with  respect  to  U  and 
Pb  about  5  m.y.  later.  Hornblende  be- 
came closed  to  Ar  loss  within  another  3 
m.y.  These  data  indicate  emplacement, 
crystallization,  and  cooling  of  the  Bodega 
Head  granodiorite  within  a  span  of  sev- 
eral million  years,  suggesting  emplace- 
ment at  a  relatively  high  level  in  the 
crust  or  rapid  uplift  and  erosion  follow- 
ing emplacement.  Plutons  from  the  Point 
Reyes  Peninsula  (PR-1  and  PR-2)  may 
have  a  similar  thermal  history.  The  zir- 
cons from  these  rocks  have  discordant 
ages,  however,  indicating  the  presence  of 
an  older  component  of  zircon.    Perhaps 
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PR-1  and  PR-2  are  partly  or  totally  of 
anatectic  origin  or  have  assimilated  wall 
rocks  containing  Paleozoic  or  Precam- 
brian  zircons.  Strontium  isotopic  studies 
in  progress  should  help  resolve  these 
questions. 

Ages  of  zircons  from  plutonic  rocks 
SL-1  and  SL-2  from  the  Santa  Lucia 
Range  (about  200  miles  south  of  the 
Bodega  Head-Point  Reyes  area;  see  Fig. 
126)  suggest  magmatic  crystallization 
about  100  m.y.  ago — the  same  age  as  the 
Bodega  Head  granodiorite  (BH-1).  Ini- 
tial emplacement  of  the  plutons  at  con- 
siderable depth  in  the  crust  is  supported 
by  metamorphism  to  the  granulite  facies 
grade  shown  by  the  surrounding  country 
rocks  and  possibly  by  the  charnokitic 
nature  of  some  of  the  plutons  (Compton, 
1960,  1966).  The  U-Pb  isochron  age  of 
79  m.y.  for  feldspar,  apatite,  and  sphene 
(Fig.  131)  and  the  slightly  younger  K-Ar 
biotite  ages  from  the  area  indicate  that 
the  Santa  Lucias  terrane  remained  at 
elevated  temperatures  for  at  least  20 
m.y.  after  emplacement  of  the  plutons, 
then  was  cooled  fairly  rapidly.  The 
probable  mechanism  was  very  rapid  up- 
lift and  erosion,  as  required  by  the  pres- 
ence of  Upper  Cretaceous  and  Tertiary 
sedimentary  rocks  unconformably  over- 
lying the  plutons  (Compton,  1960,  1966). 

The  third  sample  from  the  Santa 
Lucias  (SL-4)  apparently  has  a  thermal 
history  similar  to  that  of  SL-1  and  SL-2 
but  has  discordant  zircon  ages.  As  in  the 
case  of  PR-1  and  PR-2,  these  discordant 
ages  indicate  the  presence  of  an  older 
component  of  zircon  and  suggest  anatexis 
of,  or  contamination  by,  rocks  containing 
Paleozoic  or  Precambrian  zircons. 

Conclusions 

U-Pb  systematics  of  minerals  from  plu- 
tonic rocks  from  Bodega  Head,  Point 
Reyes  Peninsula,  and  the  Santa  Lucia 
Range  suggest  that  some  of  these  rocks 
were  emplaced  as  primary  magmas  about 
100  m.y.  ago.  Other  plutons  contain  older 
zircons  and  may  be  anatectic  or  perhaps 


have  assimilated  wall  rocks  containing 
Paleozoic  or  Precambrian  zircons.  The 
emplacement  ages  of  these  plutons  are 
somewhat  ambiguous  because  of  the  diffi- 
culty in  evaluating  the  contribution  of 
the  older  zircon  component  to  the  U-Pb 
system.  Plutons  of  Bodega  Head  and 
Point  Reyes  Peninsula  apparently  were 
emplaced  at  relatively  shallow  levels  in 
the  crust.  They  were  emplaced,  crystal- 
lized, and  cooled  within  a  span  of  only 
several  million  years.  In  contrast,  plu- 
tons in  the  Santa  Lucia  Range  were  em- 
placed at  considerable  depths  in  the  crust 
and  remained  there  at  elevated  tempera- 
tures for  about  20  m.y.  after  emplace- 
ment. They  then  were  rapidly  uplifted, 
eroded,  and  covered  by  Upper  Cretaceous 
and  Tertiary  sedimentary  rocks. 

Jurassic  Metamorphism  of  Basement 

Gneisses  near  Mount  Rainier, 

Washington 

James  M.  Mattinson 

Gneissic  rocks  exposed  on  Russell 
Ridge,  about  10  miles  southeast  of  Mount 
Rainier  National  Park,  Washington,  are 
among  the  southernmost  pre-Tertiary 
basement  rocks  in  central  Washington. 
Because  of  this  and  their  proximity  to 
Mount  Rainier,  a  center  of  Tertiary  and 
Quaternary  calc-alkaline  igneous  activ- 
ity, the  origin  and  age  of  the  gneisses  are 
of  particular  interest.  Are  they,  for  ex- 
ample, the  southerly  continuation  of  the 
pre-Tertiary  basement  rocks  of  the 
Northern  Cascade  Mountains?  are  they 
relics  of  an  earlier  episode  of  arc-type 
volcanic  activity?  or  are  they  related  to 
some  other  independent  event?  Geologic, 
isotopic,  and  geochronologic  evidence 
bearing  on  these  questions  is  considered 
in  this  study. 

Brief  field  reconnaissance  and  petro- 
graphic  studies  indicate  that  varied  meta- 
morphic  rocks,  including  hornblendites, 
amphibolitic,  dioritic,  and  tonalitic  gneis- 
ses, and  pegmatites  are  exposed  on  the 
ridge.    The  amphibolites  are  commonly 
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interlayered  with  the  more  leucocratic 
gneisses  on  a  scale  of  inches  or  feet,  and 
pegmatites  are  both  concordant  and  cross- 
cutting.  This  observation  is  in  general 
agreement  with  recent  reports  by  Elling- 
son  (1969,  1972),  who  named  the  unit 
the  Indian  Creek  Amphibolite.  He  also 
found  talus  blocks  of  relatively  unde- 
formed  Permian  limestone  in  a  nearby 
area.  From  this  finding  he  inferred  a  pre- 
Permian  age  for  the  deformation  and 
metamorphism  of  the  gneisses. 

Typical  metamorphic  mineral  assem- 
blages are  listed  below.  Mafic  rocks :  blue- 
green  hornblende  -  plagioclase  -  epidote 
(plus  minor  ilmenite,  pyrite,  quartz,  and 
apatite).  Intermediate  rocks:  blue-green 
hornblende— plagioclase— quartz— biotite- 
epidote  (plus  minor  pyrite,  ilmenite,  and 
apatite).  Pegmatites:  plagioclase-quartz 
(plus  minor  epidote,  calcite,  and  chlorite). 
The  mineral  assemblages  of  the  gneisses 
indicate  amphibolite  facies  metamorph- 
ism. All  samples  studied,  however,  show 
mineralogical  adjustment  to  lower  grade 
conditions:  plagioclase  is  completely  al- 
tered to  a  fine-grained  aggregate  of  albite, 
leucoxene,  epidote,  etc.;  biotite  is  altered 
to  chlorite  plus  sphene  and  opaque  min- 
erals ;  and  ilmenite  is  altered  to  leucoxene. 

In  general,  deformation  and  recrystal- 
lization  appear  to  have  been  broadly 
synchronous.  In  detail,  different  genera- 
tions of  gneissic  bands,  pegmatites,  and 
quartz  veins  showing  various  degrees  of 
deformation  can  be  identified.  In  a  single 
thin  section  of  one  pegmatite,  badly  de- 
formed and  altered  plagioclase  grains  are 
cut  and  surrounded  by  bands  of  finer- 
grained  granoblastic  quartz  and  plagio- 
clase, which  are  in  turn  cut  by  stringers 
of  undeformed  quartz  and  euhedral, 
slightly  altered  plagioclase.  This  obser- 
vation suggests  that  the  metamorphism 
comprised  several  pulses  of  deformation 
and  recrystallization.  The  participation 
of  the  pegmatites  in  the  deformation  and 
recrystallization  indicates  that  they  are 
synkinematic  and  probably  formed  dur- 
ing the  peak  of  metamorphism. 


Three  samples  of  tonalitic  gneiss  and 
one  sample  of  pegmatite  were  collected 
for  isotopic  studies.  Of  the  four,  only  the 
pegmatite  contained  zircons.  Analyses  of 
a  coarse-grained  and  a  fine-grained  zir- 
con fraction  gave  concordant  ages  of  156 
and  154  m.y.,  respectively  (about  Middle 
Jurassic) . 

Feldspar  concentrates  from  one  gneiss 
and  the  pegmatite  were  analyzed  for  Sr 
and  Pb  isotopic  compositions  and  Rb  and 
Sr  concentrations  (the  latter  by  X-ray 
fluorescence).  Sr87/Sr86  for  the  gneiss 
and  pegmatite  are  0.7041  ±  0.0001  and 
0.7045  ±  0.0002,  respectively  (errors  at 
the  95%  confidence  level;  data  normal- 
ized to  Sr86/Sr88  =  0.1194;  and  relative 
to  E  and  A,  Sr87/Sr86  =  0.70794).  The 
Rb/Sr  values  are  so  low  that  corrections 
for  the  decay  of  Rb87  to  Sr87  since  the 
time  of  pegmatite  formation  (above)  are 
less  than  0.0001  for  both  samples.  The 
Sr  isotopic  compositions  reported  above 
can  therefore  be  considered  initial  ratios 
for  the  time  of  formation  of  the  gneiss 
and  pegmatite.  Common  Pb  data  from 
feldspars  are  shown  in  Fig.  133. 

The  gneisses  of  Russell  Ridge  may 
have  originally  been  a  series  of  mafic  and 
intermediate  volcanic  or  volcaniclastic 
rocks,  as  suggested  by  their  compositions 
and  the  interlayering  of  amphibolitic  and 
tonalitic  gneisses.  An  alternative  possi- 
bility, that  the  gneisses  might  be  meta- 
plutonic,  can  probably  be  ruled  out  by 
the  complete  absence  of  zircons  (North- 
ern Cascade  gneisses  of  similar  appear- 
ance and  composition  that  are  derived 
from  plutonic  rocks  usually  contain 
abundant  zircons).  The  isotopic  compo- 
sition of  Sr  of  the  gneiss  (Sr87/Sr86  = 
0.7041)  is  similar  to  that  of  modern  High 
Cascade  andesitic-basaltic  centers  (aver- 
age Sr87/Sr86  =  0.7038  for  Mount 
Rainier,  according  to  Church,  1970) .  The 
original  value  of  Sr87/Sr86  for  the  parent 
rocks  of  the  gneisses  could  be  still  lower, 
however,  if  the  rocks  exchanged  Sr  with 
a  more  radiogenic  reservoir  (e.g.,  sea- 
water)     prior    to    their    metamorphism. 
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Fig.  133.  Isotopic  composition  of  Pb  from  Russell  Ridge  tonalite  gneiss  (G)  and  pegmatite  (P). 
Fields  of  NE  Pacific  Rise  basalts  by  Tatsumoto  (reported  in  Church,  1970)  and  High  Cascades 
volcanic  rocks  (Mount  Rainier  indicated  by  R)  from  Church  (1970)  for  comparison. 


Common  Pb  in  the  gneiss  is  considerably 
less  radiogenic  than  Pb  from  the  modern 
volcanic  rocks  of  Mount  Rainier  and 
more  closely  resembles  Pb  from  NE  Pa- 
cific Rise  basalts  (Fig.  133).  Taken  to- 
gether, the  Sr  and  Pb  data  suggest  that 
the  parent  rocks  of  the  gneisses  were  of 
island-arc  or  oceanic  affinities.  They 
probably  were  derived  predominantly 
from  a  mantle  source,  with  little  contri- 
bution from  more  radiogenic  continental 
materials. 

The  zircon  data  indicate  that  the 
amphibolite-grade  metamorphism,  ac- 
companied by  pegmatite  formation,  took 
place  about  155  m.y.  ago.  The  similari- 
ties in  the  isotopic  compositions  of  Sr 
and  Pb  from  the  gneiss  and  pegmatite 
indicate  that  the  pegmatites  are  derived 
mainly  from  the  gneisses  rather  than 
from  an  outside  source.  The  155-m.y.  age 
of  metamorphism  is  of  particular  inter- 
est. This  age  is  similar  to  K-Ar  ages  of 
high-grade  blueschists,  eclogites,  and 
amphibolites  from  the  Franciscan  as- 
semblage in  California  and  southern  Ore- 
gon (Coleman  and  Lanphere,  1971 ; 
Suppe  and  Armstrong,  1972).  The  high- 
grade  Franciscan  metamorphic  event 
may  therefore  be  more  extensive  than 
was  previously  known. 

The  suggestion  by  Ellingson  (1969, 
1972)    that  the   Russell   Ridge   gneisses 


were  metamorphosed  in  the  Paleozoic 
period  is  clearly  ruled  out  by  the  zircon 
data.  Ellingson's  conclusions  regarding 
the  time  of  metamorphism  were  based  on 
the  presence  of  unmetamorphosed  blocks 
of  Permian  limestone  found  only  in  talus 
in  a  nearby  area.  The  apparent  juxta- 
position of  unmetamorphosed  Upper 
Paleozoic  rocks  and  rocks  metamor- 
phosed in  the  Jurassic  period  suggests 
large-scale,  post-Jurassic  tectonic  trans- 
port in  the  area.  In  fact,  the  gneisses  are 
bounded  by  fault  zones  (Ellingson, 
1972). 

An  unanswered  question  concerns  the 
original  age  of  the  parent  rocks  from 
which  the  Russell  Ridge  gneisses  were 
derived.  The  gneisses  contain  no  zircons 
and  have  very  low  Rb/Sr  values,  which 
tend  to  preclude  whole-rock  Rb/Sr  dat- 
ing. On  the  basis  of  present  data,  the 
parent  rocks  can  be  dated  only  as  pre- 
Middle  Jurassic. 

Paleozoic  Ophiolitic  Complexes  in 
Washington  and  Northern  California 
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known  as  ophiolites  (Fig.  134)  are  cur- 
rently viewed  with  much  interest  because 
of  their  interpretation  as  remnants  of 
oceanic  crust  and  upper  mantle  (e.g., 
Hamilton,  1969;  Bailey,  Blake,  and 
Jones,  1970;  Moores  and  Vine,  1971; 
Coleman,  1971;  Dewey  and  Bird,  1971). 
It  is  held  that  they  were  formed  by 
mantle  plutonism  and  volcanism  at 
oceanic  spreading  centers  (mid-ocean 
ridges  and  marginal  basins),  followed  by 
abyssal  sedimentation  during  sea-floor 
spreading,  and  that  they  were  strongly 
deformed  and  altered  during  tectonic 
emplacement  along  continental  margins 
or  island  arcs  at  converging  plate  bound- 
aries. If  these  theories  are  correct,  then 
ophiolites  afford  an  excellent  opportunity 
for  detailed  structural,  petrologic,  chemi- 
cal, and  isotopic  characterization  of  rocks 
of  the  type  that  underlie  perhaps  two- 
thirds  of  the  earth's  surface  but  are 
usually  accessible  only  by  deep-sea  drill- 
ing and  dredging.  Ophiolites  also  provide 
invaluable  direct  evidence  of  previous 
cycles  of  oceanic  crust  generation,  sea- 
floor  spreading,  and  crustal  plate  motions. 
Obviously,  a  crucial  aspect  in  the  inter- 
pretation of  ancient  episodes  of  sea-floor 
spreading  involves  precise  determinations 
of  the  times  of  ophiolite  formation.    In 

Chert,  pelagic  sediments 

Tholeiitic  pillow  basalts 
and  flows 

Sheeted    diabase  dike  complex 


c3    Oc   a  C3  R 


Gabbroic  layer:  massive  and 
gravity-stratified  gabbros, 
local  segregations  of  more 
siliceous  differentiates 


Serpentinized   ultramafic  complex: 
harzburgite,  dunite,  pyroxenite 
chromite-  rich  pods,  etc. 
shows  strong  tectonite  fabrics 


Fig.  134.  Cross  section  of  an  ophiolite  com- 
plex. Generalized  from  Bailey,  Blake,  and  Jones 
(1970),  Moores  and  Vine  (1971),  Coleman 
(1971),  and  Dewey  and  Bird  (1971).  Strati- 
graphic  thickness  typically  several  kilometers. 


this  study  the  uranium-lead  method  has 
been  applied  to  dating  zircons  from  some 
of  the  oldest  known  ophiolites  in  the 
western  United  States  in  an  effort  to  de- 
termine the  age  and  time  span  of  oceanic 
crust  generation  in  an  ancestral  (Early 
Paleozoic)  Pacific  Ocean  basin  or  margi- 
nal basin. 

Rocks  of  ophiolitic  character  are  wide- 
spread along  the  western  margin  of  the 
United  States.  For  example,  ophiolites  of 
Late  Jurassic  age  commonly  form  the 
base  of  the  Great  Valley  Series,  where  it 
is  in  tectonic  contact  with  the  Francis- 
can Formation  in  the  California  Coast 
Ranges  (Bailey,  Blake,  and  Jones,  1970; 
Lanphere,  1971) ,  and  remnants  of  earlier 
Mesozoic  ophiolites  may  occur  in  the 
Sierra  Nevada  foothill  belt  (Moores, 
1972).  Much  less  common  are  ophiolitic 
rocks  of  Paleozoic  age.  Such  rocks  are 
exposed  in  a  few  locations  along  the  west 
coast,  however,  including  the  Klamath 
Mountains  of  northern  California,  the 
San  Juan  Islands  of  the  Puget  Sound, 
Washington,  and  the  Yellow  Aster  Butte 
area,  Northern  Cascade  Mountains, 
Washington. 

In  none  of  these  areas  is  a  complete 
and  continuous  ophiolite  sequence  ex- 
posed. On  the  San  Juan  Islands  all  the 
elements  of  the  classical  ophiolite  suite 
are  present,  including  a  serpentinized 
peridotite  complex  comprising  harz- 
burgite, dunite,  olivine  chromitite,  and 
pyroxenite  (Raleigh,  1965),  gravity 
stratified  gabbros  and  pyroxenites,  mas- 
sive gabbros,  diorites,  and  trondhjemite. 
These  make  up,  in  part,  the  Turtleback 
Complex  of  McLellan  (1927).  The  ultra- 
mafic  rocks  are  commonly  cut  by  basaltic 
dikes  (Raleigh,  1965).  Spilitic  pillow 
basalts,  cherts,  and  graywackes  are  found 
in  fault  contact  with  the  ultramafic  rocks 
(Raleigh,  1965)  but  were  reported  as 
"Mesozoic  (?)"  in  age  by  Vance  (in 
Raleigh,  1965).  However,  Danner  (1968) 
found  that  similar  basaltic,  cherty,  and 
phyllitic  rocks  on  San  Juan  Island  are 
probably  pre-Devonian.  -  Moreover,  pil- 
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low  basalts  (included  in  the  Eagle  Cliff 
porphyrite  of  McLellan,  1927)  on  San 
Juan,  Orcas,  and  Blakely  islands  are  in- 
truded by  plutonic  rocks  of  the  Turtle- 
back  Complex  (McLellan,  1927,  Plates 
146,  148,  149).  Thus,  the  pillow  basalt 
and  perhaps  part  of  the  chert  and  associ- 
ated metasedimentary  rocks  probably 
represent  the  uppermost  part  of  an 
ophiolite  sequence  that  includes  the 
Turtleback  plutonic  rocks. 

The  other  two  areas  contain  only  parts 
of  the  ophiolite  suite.  Rocks  of  the  Yel- 
low Aster  Butte  area  are  compositionally 
similar  to  the  peridotitic,  gabbroic,  and 
quartz  dioritic  rocks  of  the  San  Juan 
Islands  but  have  been  metamorphosed  at 
least  three  times,  including  an  amphibo- 
lite-grade  event  that  culminated  in  ex- 
tensive   migmatization     (Misch,    1966). 


Thus  their  original  petrologic  and  struc- 
tural relationships  are  obscure.  The  Trin- 
ity ultramafic  sheet  of  the  Klamath 
Mountains,  first  interpreted  as  a  rema- 
nant  of  Paleozoic  oceanic  upper  mantle 
and  lower  crust  by  Hamilton  (1969), 
consists  mainly  of  serpentinized  perido- 
tite  plus  dunite,  pyroxenite,  gabbro,  and 
minor  amounts  of  dioritic  rocks  (Lip- 
man,  1964;  Lanphere,  Irwin,  and  Hotz, 
1968).  The  ultramafic  sheet  is  extensively 
covered  on  the  north  by  sedimentary  and 
volcanic  rocks  of  mainly  Ordovician  and 
Silurian  age  (Irwin  and  Lipman,  1962; 
LaFehr,  1966).  Recent  detailed  work  in 
the  Gazelle-Callahan  area  (by  A.  W. 
Potter,  D.  M.  Rohr,  A.  J.  Boucot,  and 
C.  B.  Rexroad)  suggests  that  this  cover 
may  represent  continental  margin  or 
island  arc-type  volcanism  and  sedimen- 
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Fig.  135.  Portion  of  a  concordia  diagram  with  zircon  data  from  the  Klamath  Mountains 
ophiolite.  KM-la,  b,  c,  and  d  are  nonmagnetic  coarse-  and  fine-grained,  and  magnetic  coarse- 
and  fine-grained  fractions  of  zircon,  respectively,  from  trondhjemite.  KM-2  is  a  bulk  zircon  sam- 
ple from  diorite,  and  falls  on  a  145-480  m.y.  chord  (shown  but  not  labeled  in  the  figure). 
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tation  that  extended  from  Ordovician  to 
at  least  Early  Devonian  time  (personal 
communication  from  A.  J.  Boucot,  1972) . 
The  majority  of  ophiolitic  material  is 
unsuited  or  only  marginally  suited  for 
isotopic  age  determinations,  owing  to  the 
low  K  and  Rb  concentrations  common 
to  these  rocks  and  to  the  deformation  and 
low-grade  metamorphism  that  usually 
accompany  their  tectonic  emplacement. 
We  have  found,  however,  that  the  more 
siliceous  members  of  the  ophiolite  suite — 
quartz  diorites,  trondhjemites,  and  also 
some  gabbro — contain  moderate  amounts 
of  zircon  that  can  be  dated  by  the 
uranium-lead  isotopic  method.  The  re- 
sults of  our  zircon  analyses  are  shown  in 
Figs.  135  and  136. 


The  results  of  U-Pb  dating  of  zircons 
from  the  Klamath  Mountains  are  sum- 
marized in  Fig.  135.  Four  fractions  of 
zircon  from  a  trondhjemite  sample 
(KM-1)  that  occurs  as  cobbles  and 
boulders  in  a  conglomeratic  graywacke  of 
Late  Silurian  or  Early  Devonian  age  at 
the  northern  edge  of  the  Trinity  sheet 
precisely  define  a  chord  that  intersects 
the  concordia  curve  at  455  and  145  m.y. 
We  interpret  the  455-m.y.  intercept  to 
represent  the  time  of  primary  magmatic 
crystallization  of  the  trondhjemite.  The 
145-m.y.  intercept  indicates  a  time  of 
isotopic  disturbance  of  the  zircons.  This 
intercept  could  reflect  reheating  during 
the  period  of  pluton  emplacement  in  the 
Klamath    Mountains    for    which    Lan- 
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Fig.  136.  Portions  of  a  concordia  diagram  with  zircon  data  from  the  San  Juan  Islands  (SJ)  and 
the  Yellow  Aster  Butte  (YAB)  ophiolites.  SJ-1  is  a  bulk  zircon  sample  from  a  trondhjemite. 
SJ-2a,  b,  and  c  are  nonmagnetic  coarse-grained,  and  magnetic  coarse-  and  fine-grained  fractions 
of  zircon,  respectively,  from  another  trondhjemite.  YAB-la  and  b  are  nonmagnetic  coarse-  and 
fine-grained  fractions  of  zircon,  respectively,  from  quartz  diorite  gneiss.  SJ-1,  SJ-2a,  and  YAB-la, 
b  from  Mattinson,  1970. 
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phere,  Irwin,  and  Hotz  (1968)  report 
K-Ar  ages  of  127-167  m.y.  The  gray- 
wacke  from  which  the  dated  trondhjemite 
(boulder)  was  taken  consists  chiefly  of 
distinctive  spilite  and  keratophyre  detri- 
tal  components,  with  a  subordinate  frac- 
tion of  trondhjemitic,  argillaceous,  cherty, 
and  carbonate  components.  An  oceanic 
crustal  provenance  is  therefore  strongly 
indicated,  and  we  suggest  that  this 
detritus  was  eroded  from  the  now  missing 
upper  part  of  the  Trinity  ophiolitic  sheet. 
A  single  fraction  of  zircon  from  xeno- 
morphic  hornblende  gabbro  (KM-2)  in 
a  fault  slice  at  the  northern  margin  of 
the  Trinity  sheet  indicates  a  distinctly 
older  age  for  that  sample — about  480  m.y. 
on  a  concordia  projection  (Fig.  135). 
Lanphere,  Irwin,  and  Hotz  (1968)  previ- 
ously reported  K-Ar  minimum  ages  of 
333  to  439  m.y.  for  similar  rocks  from 
the  central  part  of  the  Trinity  sheet. 
These  ages  suggest  that  the  fault  slice 
containing  KM-2  was  originally  part  of 
the  main  Trinity  sheet. 

Data  for  zircons  from  the  San  Juan 
Islands  (SJ-1,2)  and  the  Yellow  Aster 
Butte  area  (YAB)  are  plotted  in  Fig. 
136.  The  points  show  much  more  scatter 
than  data  from  the  Klamath  Mountains 
(Fig.  135),  probably  because  of  the  more 
complex  metamorphic  history  of  the 
rocks.  Rocks  of  the  Yellow  Aster  Butte 
area  were  metamorphosed  to  amphibolite 
grade  and  migmatized  in  the  Silurian 
(Misch,  1966;  Mattinson,  1970,  1972), 
then  were  metamorphosed  to  low  grade 
during  the  Triassic  or  Permian  and  again 
during  the  Middle  Cretaceous  (Misch, 
1966,  and  personal  communication, 
1972).  The  ophiolitic  rocks  of  the  San 
Juan  Islands  were  weakly  meta- 
morphosed in  pre-Middle  Devonian  time 
and  again  in  the  Middle  Cretaceous 
(Danner,  1967;  Vance,  1968,  and  per- 
sonal communications  1968,  1970).  Using 
the  time  of  the  most  recent  metamorphic 
event  as  the  lower  intercept  on  concordia 
should  yield  minimum  ages  for  the  rocks 
and  gives  upper  intercepts  for  the  San 


Juan  Islands  and  Yellow  Aster  Butte 
quartz  dioritic  rocks  of  460  and  425  m.y., 
respectively.  The  460-m.y.  intercept  for 
the  San  Juan  Islands  samples  is  thought 
to  closely  approximate  the  time  of  pri- 
mary magmatic  crystallization.  Some  Pb 
was  probably  lost  from  the  Yellow  Aster 
Butte  zircons  during  the  intense  Silurian 
metamorphism,  however,  and  the  425- 
m.y.  intercept  age  for  this  sample  is  al- 
most certainly  too  low. 

After  their  formation  the  ophiolites 
from  the  three  areas  were  evidently  in- 
volved in  plate-margin  collisions,  leading 
to  theif  obduction  or  subduction  and  in- 
corporation into  the  North  American 
continental  plate.  The  Early  Ordovician 
Trinity  sheet  of  the  Klamath  Mountains 
was  covered  by  Ordovician  and  Silurian 
clastic,  volcaniclastic,  and  carbonate 
sediments,  including  some  that  are  com- 
posed of  ophiolite  detritus.  Tectonic  em- 
placement (obduction?)  may  therefore 
have  occurred  within  the  Ordovician 
(>  440  m.y.  ago,  Holmes,  1960)  but  cer- 
tainly no  later  than  the  Late  Silurian  or 
Early  Devonian  (about  400  m.y.  ago, 
Holmes,  1960),  when  ophiolitic  detritus 
was  definitely  incorporated  into  the 
sedimentary  cover.  The  Ordovician 
ophiolite  (Turtleback  Complex)  of  the 
San  Juan  Islands,  Washington,  supplied 
cobbles  to  Middle  Devonian  (about  375 
m.y.  old,  Holmes,  1960)  clastic  sediments 
that  unconformably  overlie  it  (Danner, 
1967) .  The  ophiolitic  remnants  at  Yellow 
Aster  Butte  in  the  Northern  Cascades 
were  metamorphosed  and  migmatized  in 
the  Silurian  about  415  m.y.  ago  (Mattin- 
son, 1970,  1972)  after  subduction  or  ob- 
duction had  taken  place. 

The  isotopic  compositions  of  Sr  from 
plagioclase  separates  are  listed  in  Table 
63.  "Initial  ratios"  have  been  calculated 
by  correcting  for  the  decay  of  Rb87  to 
Sr87  using  the  Rb/Sr  values  in  the  total 
rock  from  the  time  of  magmatic  crystal- 
lization to  the  time  of  the  most  recent 
metamorphism  and  the  Rb/Sr  values  in 
the  plagioclases  from  the  time  of  meta- 
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TABLE  63.   Isotopic  Composition  of  Sr  from 
Feldspars 


Sample 


gr87/Sr86 


Observed* 


"Initial"  f 


KM-1 

0.7061 

0.7058 

KM-2 

0.7054 

0.7044 

YAB 

0.7114J 

0.7057 

SJ-2 

0.7043J 

0.7020 

*  Normalized  to  Sr^/Sr88  =  0.1194  and  rela- 
tive to  a  value  for  the  E  and  A  Sr  standard  of 
Sr87Sr86  =  0.70794. 

t  Corrected  for  the  decay  of  Rb ;  see  text  for 
explanation. 

t  Data  from  Church  (1970)  on  sample  sup- 
plied by  Mattinson. 


morphism  to  the  present  (Rb  and  Sr 
concentrations  by  X-ray  fluorescence) . 
The  "initial  ratios"  thus  calculated  must 
be  considered  only  crude  approximations 
because  of  the  possibilities  of  removal  or 
addition  of  alkalies  during  meta- 
morphism  and  exchange  of  Sr  with  sea 
water,  ground  water,  or  surrounding 
rocks.  Nevertheless,  three  of  the  four 
"initial  ratios"  fall  in  the  range  of  Sr87/ 
Sr86  values  determined  for  Mesozoic 
ophiolites  in  Greece  (Montigny,  Javoy, 
and  Allegre,  1970)  and  Cyprus  (Peter- 
man,  Coleman,  and  Hildreth,  1971).  The 
"initial  ratio"  for  the  San  Juan  Islands 
sample  (Sr87/Sr86  =  0.7020)  is  in  the 
range  of  fresh,  modern  mid-ocean  ridge 
tholeiites. 

In  summary,  ophiolitic  rocks  of  the 
Trinity  sheet  in  northern  California  and 
the  San  Juan  Islands  and  Yellow  Aster 
Butte  area  in  Washington  appear  to  have 
formed  over  a  span  of  a  few  tens  of  mil- 
lions of  years  during  the  Ordovician 
period.  These  ophiolites  are  petrologi- 
cally  and  isotopically  similar  to  Mesozoic 
and  younger  ophiolites.  They  may  be 
remnants  of  oceanic  crust  and  upper 
mantle  from  an  ancestral  Pacific  Ocean 
basin  or  a  fringing  marginal  basin  that 
opened  during  an  Early  Paleozoic  epi- 
sode of  plate  movement.  Their  subse- 
quent transport  by   sea-floor   spreading 


led  to  collision  with  the  margin  of  a  con- 
verging crustal  plate,  marked  by  their 
strong  deformation,  erosion,  and  burial 
beneath  continental-margin  or  arc-de- 
rived sediments,  or  by  their  subsequent 
regional  metamorphism  within  a  period 
of  perhaps  20  to  100  m.y. — a  time  scale 
consistent  with  the  "lifetime"  of  oceanic 
crust  in  the  modern  Pacific  basin. 

U-Pb  Study  of  Zircons:  The  Age  and 

Origin  of  Post-Tectonic  Intrusions 

in  South  Greenland 

B.  L.  Gulson  and  T.  E.  Krogh 

Field  work  by  D.  Bridgwater,  J.  Sut- 
ten,  and  J.  S.  Watterson  (personal  com- 
munication) in  south  Greenland  sug- 
gested that  recrystallization  under  granu- 
lite-facies  conditions  occurred  in  the 
vicinity  of  a  suite  of  quartz-monzonite, 
norite,  and  quartz-syenite  intrusives. 
The  hypothesis  was  advanced  that  these 
magmas  were  generated  by  local  partial 
melting  of  the  country  rock  during  meta- 
morphism and  migmatization.  If,  on  the 
other  hand,  these  two  kinds  of  rocks 
formed  at  different  times,  then  they  could 
not  have  been  formed  by  the  same  process 
at  the  same  place. 

To  test  these  hypotheses,  zircons  from 
the  intrusives  and  the  migmatites  were 
analyzed.  Samples,  collected  by  Gulson, 
were  analyzed  by  the  chemical  procedure 
for  the  analysis  of  zircon  described  by 
Krogh  in  Year  Book  70.  Isotopic  abun- 
dances were  determined  on  the  mass  spec- 
trometer, described  by  S.  R.  Hart  et  al. 
{Year  Book  69,  pp.  384-385). 

The  uranium  and  lead  ratios  shown  in 
Fig.  137  indicate  that  zircons  with  two 
distinct  ages  are  present.  Zircons  from 
the  metamorphosed  country  rocks  and 
migmatites  define  a  simple  lead-loss 
line,  as  predicted  by  the  Tilton  continu- 
ous diffusion  model,  for  a  primary  age  of 
1832  m.y.  Zircons  from  the  intrusive 
rocks  define  two  similar  lead-loss  lines 
with  primary  ages  of  1784  and  1772  m.y. 
The  younger  intrusive   rocks  were   dis- 
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Fig.  137.    Concordia  diagram  for  zircons  from  granitic  rocks  and  norites,  and  from  the  mig- 
matitic  country  rocks  in  south  Greenland. 


tinguished  in  the  field  as  higher-level 
plutons  that  invaded  colder  country 
rocks.  These  data  points  lie  very  close 
to  the  concordia  curve,  and  hence  the  age 


differences  are  well  established.  There- 
fore, the  magmatic  intrusives  were  not 
formed  by  local  melting  during  the  meta- 
morphism  of  the  country  rocks. 
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Organic  Geochemical  Studies  on  a 

Long  Sediment  Core  from  the 

Cariaco  Trench 

P.  E.  Hare  and  T,  C.  Hoering 

The  Deep  Sea  Drilling  Project  spon- 
sored by  the  National  Science  Foundation 
has  produced  cores  of  marine  sediments 
that  provide  a  unique  opportunity  to 
study  organic  chemical  processes  in  the 
earth  over  a  very  long  period  of  time.  A 
long  sediment  core  was  taken  at  site  147 
of  the  drilling  program  in  the  Cariaco 
Trench,  a  structural  depression  on  the 
continental  shelf  of  Venezuela  surrounded 
by  water  less  than  200  m  deep.  Drilling 
and  sampling  were  carried  out  under  con- 
ditions  especially   designed   for   organic 


geochemical  research.  A  continuous,  uni- 
form, 198-m  core  was  taken  of  olive- 
green,  calcareous  clay  rich  in  organic 
matter.  Hydrogen  sulfide  and  methane 
occurred  plentifully  throughout  almost 
the  entire  section  (Edgar  et  al.,  1972) . 
The  core  was  frozen  at  the  time  of  col- 
lection and  remained  that  way  until 
used.  Portions  of  it  have  been  made 
available  to  a  number  of  investigators  for 
a  wide  range  of  studies.  A  report  on  all 
preliminary  work  is  being  prepared  by 
the  National  Science  Foundation.  When 
this  report  becomes  available,  it  will  pro- 
vide information  on  the  time  span,  min- 
eralogy, and  geochemistry  of  the  de- 
posit with  which  the  data  in  this  report 
can  be  correlated.  The  preliminary  ex- 
amination, however,  has  shown  that  the 
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core  contains  a  continuous  record  of  sedi- 
mentation at  a  given  locality  back 
through  Upper  Pleistocene  times.  A  study 
of  the  early  stages  of  diagenesis  of 
organic  matter  over  a  few  hundred  thou- 
sand years  can  be  carried  out  for  the  first 
time. 

The  samples  used  in  this  study  were 
chosen  in  order  to  cover  a  significant  time 
of  deposition  of  material  that  appears  to 
be  typical  of  the  entire  section.  The 
geochemistry  of  the  amino  acids  down 
the  length  of  the  core  was  studied  by 
Hare.  The  benzene-soluble  organic  mat- 
ter, the  humic  acids,  and  the  insoluble 
organic  matter  were  investigated  by 
Hoering. 

The  Benzene -Soluble  Organic  Matter, 

Humic  Acids,  and  Insoluble  Organic 

Matter  in  a  Core  from  the 

Cariaco  Trench 

T.  C.  Hoering 

A  study  was  carried  out  on  the  organic 
matter  in  three  widely  spaced  samples  of 
the  core  from  the  Cariaco  Trench,  de- 
scribed above,  to  determine  if  any 
changes  had  occurred  during  early  stages 
of  diagenesis.  Three  classes  of  compounds 
were  examined:  one,  the  lipids  extracted 
by  benzene-methanol ;  two,  humic  acids; 
and  three,  the  insoluble  organic  matter. 
The  chemical  environment  is  highly  re- 
ducing throughout  the  length  of  the  core, 
and  reduction  of  organic  compounds  is 
possible.  In  particular,  the  reduction  of 
fatty  acids  to  lower  oxidation  states,  in- 
cluding hydrocarbons,  was  examined. 

Samples  from  1,  80,  and  108  m  (sam- 
ples A,  B,  and  C,  respectively)  were 
freeze-dried.  A  weight  loss  of  about 
one-third  occurred  in  each  sample.  The 
organic  matter  was  fractionated  as  fol- 
lows. Extractions  were  made  on  the 
dried  sediment  with  benzene-methanol 
mixtures  in  an  ultrasonic  extractor.  Pesti- 
cide-grade solvents  with  a  very  low  blank 
of  nonvolatile  organic  matter  were  used. 
The  extracted  sediment  was  dried  and 


then  reacted  with  dilute  sodium  hydrox- 
ide solutions.  A  humic-acid  fraction  was 
isolated.  The  residue,  containing  the 
bulk  of  the  organic  carbon,  was  neutral- 
ized and  freeze-dried. 

A  survey  of  the  distribution  of  carbon 
"skeletons"  and  the  types  of  functional 
groups  in  the  lipid-like  molecules  of  the 
benzene-methanol  extracts  was  made. 
The  new  technique  developed  in  this 
laboratory  (Year  Book  70,  p.  251)  was 
used.  Briefly,  it  consists  of  reducing  all 
oxygenated  functional  groups  to  alcohols 
with  the  reagent  lithium  aluminum 
deuteride.  The  alcohols  are  then  con- 
verted to  iodides,  which  were  further  re- 
duced to  hydrocarbons  with  lithium 
aluminum  deuteride.  The  amount  and 
position  of  deuterium  labeling  indicate 
the  types  of  functional  groups  that  were 
reduced.  Preexisting  hydrocarbons  will 
not  contain  deuterium.  Fatty  alcohols 
will  produce  hydrocarbons  with  one 
deuterium  atom.  Dihydric  alcohols,  fatty 
acids,  and  hydroxyacids  will  yield  prod- 
ucts with  two,  three,  and  four  deuterium 
atoms,  respectively. 

After  the  reduction  steps,  saturated 
hydrocarbons  are  isolated  by  silica-gel 
column  chromatography  and  urea  and 
thiourea  adductination.  Individual  pure 
hydrocarbon  species  were  separated  by 
preparative  gas-liquid  chromatography 
and  were  analyzed  by  mass  spectrometry 
for  their  structure  and  amount  of  deute- 
rium labeling. 

A  small  amount  of  synthetic,  C14- 
tagged  palmitic  acid  was  added  to  the 
initial  extract  and  carried  along  through 
the  reduction  steps.  The  resulting  radio- 
active n-hexadecane  serves  as  a  measure 
of  the  yields,  which  average  about  50%. 
Table  64  shows  results  on  the  amounts  of 
extractable  organic  matter,  yield  of 
tracer,  and  amounts  of  deuterated  hydro- 
carbons from  the  three  core  samples.  Ap- 
proximately 10%  of  the  extract  can  be 
converted  to  hydrocarbons.  An  amount 
of  material  is  produced  which  is  rela- 
tively easy  to  separate  and  analyze.  Fig- 
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TABLE  64.   Benzene-Extractable  Organic  Matter  from  Cariaco  Trench  Core 


Sample 


B 


C 


Depth  from  sediment  surface,  meters 
Weight  of  dried  sample  extracted,  grams 
Benzene-extractable  organic  matter,  wt  %* 
Yield  of  C14  tracer,  percentage  of  added  palmitic  acid 
Yield  of  reduced,  deuterated  hydrocarbons,  wt  %t 


1 

80 

108 

350 

600 

600 

0.281 

0.180 

0.212 

44.5 

43.3 

58.3 

0.020 

0.026 

0.018 

*  The  sediments  contain  approximately  3%  organic  matter.  Because  this  value  is  not  yet  known 
precisely,  yields  have  been  calculated  on  the  basis  of  the  starting,  freeze-dried  sediment. 
t  Corrected  for  yield  of  C"  tracer. 


ure  138  shows  a  gas  chromatogram  of  the 
total  reduced  hydrocarbons  from  sample 
B.  Chromatograms  from  the  other  two 
core  samples  are  almost  identical.  The 
uniformity  of  the  total  amounts  of  hydro- 
carbons and  the  distribution  of  their  car- 
bon "skeletons"  are  surprising,  considering 
the  time  span  involved.  It  will  be  shown 
below  that  the  amount  of  deuterium  sub- 
stitution in  the  samples  is  also  very 
similar. 


The  molecular  structures  of  the  hy- 
drocarbons forming  the  chromatogram  in 
Fig.  138  have  several  interesting  features. 
The  normal  hydrocarbons  have  a  pre- 
dominance of  molecules  with  an  even 
number  of  carbon  atoms,  reflecting  their 
origin  from  the  lipid  fraction  of  living 
organisms. 

Bacteria  living  in  sediments  are  known 
to  produce  lipids  with  methyl-substituted, 
long  carbon  chains  (Parker,  1969).  They 
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Fig.  138.  Gas  chromatogram  of  reduced  deuterated  hydrocarbons.  The  chromatogram  was 
made  on  a  Perkin-Elmer  900  gas  chromatograph  fitted  with  a  100-foot  by  0.010-inch  capillary 
column  coated  with  OV-101  silicone  stationary  phase.  The  column  head  pressure  was  30  pounds 
per  square  inch,  and  the  column  temperature  was  programmed  linearly  from  75°  to  285 °C  at  a 
rate  of  4°  per  minute  and  then  held  at  285°  for  30  minutes.  The  identification  of  the  numbered 
peaks  is  as  follows:  (1)  w-tetradecane ;  (2)  anteiso-pentadecane;  (3)  iso-pentadecane;  (4)  n-penta- 
decane;  (5)  iso-hexadecane ;  (6)  w-hexadecane ;  (7)  n-octadecane ;  (8)  phytane;  (9) 
n-nonadecane ;  (10)  N-eicosane;  (11)  n-heneicosane ;  (12)  rc-docosane;  (13)  n-tricosane;  (14) 
n-tetracosane ;  (15)  n-pentacosane ;  (16)  n-hexacosane ;  (17)  n-heptacosane ;  (16)  n-octacosane ; 
(19)  n-nonacosane ;  (20)  n-triacontane ;  (21)  n-hentriacontane ;  (22)  n-dotriacontane ;  (23)  3,  7, 
11,  15,  18,  22,  26,  30  octamethyl  dotriacontane ;  (24)  carotane-like  hydrocarbon;  (25)  carotane- 
like  hydrocarbon. 
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are  likely  precursors  to  the  methyl-sub- 
stituted hydrocarbons  (peaks  2,  3,  and  5 
of  Fig.  138).  The  phytane  (peak  8) 
arises  from  the  phytol  side  chain  of 
chlorophyll  deposited  in  the  sediment. 

The  hydrocarbons  producing  peaks  23, 
24,  and  25  are  the  most  abundant  indi- 
vidual molecules  in  the  mixture  and  have 
not  been  observed  before  in  Holocene 
sediments.  They  do  not  form  urea  ad- 
ducts,  but  are  adductinated  by  thiourea. 
Hence,  they  are  probably  molecules  con- 
taining long,  branched  carbon  chains. 
The  mass  spectrum  of  the  compound 
forming  peak  23  is  shown  in  Fig.  139.  It 
has  a  major  series  of  fragment  ions,  70 
mass  units  apart,  suggesting  an  isopre- 
noid  structure.  Each  major  fragment 
peak  is  doubled,  indicating  a  symmetrical 
structure  with  one  deuterium  atom  sub- 
stituted on  a  terminal  position.  The 
parent  ion  has  a  mass  number  of  563, 
which  corresponds  to  a  formula  of 
C40H81D  for  an  acyclic  hydrocarbon.  A 
proposed  structure  is  shown  in  Fig.  140, 
which  is  consistent  with  these  facts  and 
with  the  known  fragmentation  behavior 
of  isoprenoid  hydrocarbons  on  electron 
impact  in  the  mass  spectrometer. 

The  closest  common  analogue  to  this 
molecule  is  the  red  plant  pigment,  lyco- 
pene,  C4oH56.  There  are,  however,  im- 
portant differences  between  the  two. 
Lycopene  is  an  unsaturated  hydrocarbon 
with  a  series  of  eleven  alternating  double 
bonds  and  two  isolated  double  bonds.  The 
precursor  to  compound  23  was  a  satu- 


rated alcohol.  Apparently,  rapid  satura- 
tion of  double  bonds  by  hydrogen  occurs 
in  the  highly  reducing  environment  of  the 
Cariaco  Trench.  Lycopene  consists  of 
two  20-carbon  isoprenoid  units  joined 
"head-to-tail"  about  the  point  of  sym- 
metry of  the  molecule.  In  contrast,  com- 
pound 23  has  two  20-carbon  units  joined 
"head-to-head."  A  hydrogenated  lyco- 
pene structure  could  not  give  the  mass 
spectrum  of  Fig.  139.  Such  "head-to- 
head"  arrangements  are  rare  in  natural 
systems. 

The  individual  normal  alkanes  from  14 
to  36  carbon  atoms,  produced  by  reduc- 
tive deuteration  of  the  extracts  of  the  1 
and  108  m  core  samples,  were  carefully 
analyzed  in  the  mass  spectrometer  for 
their  relative  amounts  of  deuterated 
species.  Samples  were  introduced  either 
through  the  batch  inlet  and  molecular 
leak  or  from  the  direct  insertion  probe  by 
slow  vaporization.  The  mass  spectra  of 
the  parent  ions  containing  0  to  6  deu- 
terium atoms  were  scanned  slowly  and 
repeatedly.  Relative  intensities  were 
measured  by  averaging  a  number  of  peak 
sets.  Relative  concentrations  of  deu- 
terated species  were  calculated  from  the 
relative  intensity  data  by  applying  cor- 
rections for  carbon-13  and  for  fragmen- 
tation from  neighboring  peaks. 

An  aliquot  of  the  normal  hydrocarbon 
mixture  from  the  two  core  samples  was 
analyzed  quantitatively  by  gas  chroma- 
tography, and  the  concentration  of  each 
normal  hydrocarbon  was  calculated.  With 


Fig.  140.  The  proposed  structure  of  the  deuterated  hydrocarbon  forming  peak  23  in  Fig.  138. 
The  systematic  name  of  the  compound  is  3,7,11,15,18,22,26,30  octamethyl  dotriacontane  di.  In  this 
figure,  a  saturated  carbon  atom  is  understood  to  lie  at  the  end  of  and  at  the  junction  point  of 
each  solid  bar.  The  dotted  lines  indicate  preferential  points  of  cleavage  into  singly  charged  ions 
during  electron  impact.  The  mass  numbers  of  these  ions  are  shown  at  the  heads  of  the  lines. 
These  ions  form  the  major  peaks  in  the  mass  spectrum  of  Fig.  139. 
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the  mass  spectral  data  for  the  relative 
abundance  of  the  deuterated  species,  the 
concentration  of  each  deuterium-contain- 
ing molecule  was  determined.  The  results 
for  twenty -three  hydrocarbons  from  each 
of  the  two  core  samples  are  shown  in 
Tables  65  and  66. 

A  number  of  pertinent  facts  are  con- 
tained in  the  data  of  Tables  65  and  66. 
Almost  all  of  the  hydrocarbons  contain 
deuterium.  Molecules  with  1  and  3 
deuterium  atoms  are  the  most  abundant, 
reflecting  their  origins  from  fatty  acids 
and  fatty  alcohols.  Monodeuterated 
species  are  slightly  more  abundant  than 
trideuterated  molecules.  This  sediment 
is  very  different  from  any  other  that  has 
been  studied.  In  a  typical  case,  fatty 
acids  are  a  hundred  times  as  abundant  as 
fatty  alcohols. 

The  most  significant  feature  is  the 
great  similarity  between  the  two  suites  of 
hydrocarbons.     The    ratio    of   molecules 


with  an  even  number  of  carbon  atoms  to 
those  with  an  odd  number  is  3.87  for  the 
1-m  sample  and  3.94  for  the  108-m  sam- 
ple. The  distribution  of  molecules  with 
3  deuterium  atoms  is  strikingly  similar. 
Fifteen  pairs  of  hydrocarbons  have  con- 
centrations that  are  within  20%  of  each 
other.  The  even-odd  ratio  is  identical. 
The  overall  distribution  greatly  resem- 
bles that  of  the  suite  of  fatty  acids 
isolated  from  many  Holocene  sediments. 

Both  samples  yield  small  amounts  of 
normal  hydrocarbons  with  no  deuterium 
labeling.  Their  concentrations  are  within 
a  factor  of  2  of  each  other,  and  they  con- 
sist mainly  of  C29H60,  C3iH64,  and 
C33H68.  There  has  been  no  appreciable 
production  of  new  hydrocarbons  in  the 
Cariaco  Trench  sediments  during  the 
time  span  represented  by  the  two  core 
samples  at  1  and  108  m. 

About  10%  of  the  suites  of  hydrocar- 
bons   consist    of    molecules    with    two 


TABLE  65.  Distribution  of  Deuterated  Hydrocarbons  Produced  from  Extract  of  1-m  Sample, 

parts  per  million* 


Amount  of  Deuterated  Species 

Formula 

Total 

d0 

di 

d2 

d3 

di 

nCuHso 

2.07 

nCi6H32 

0.79 

nCi6H34 

4.52 

0.07 

0.79 

0.30 

3.08 

0.28 

nCnB.36 

0.46 

nCisHss 

2.16 

0.04 

0.79 

0.17 

0.90 

0.26 

WC19H40 

0.42 

/1C20H42 

2.00 

0.02 

1.03 

0.12 

0.57 

0.07 

71C21H44 

0.46 

0.09 

0.16 

0.06 

0.10 

0.03 

7lC22-H46 

3.32 

0.12 

1.56 

0.29 

1.07 

0.24 

71C23H48 

0.79 

0.09 

0.22 

0.12 

0.24 

0.07 

71C24H6O 

4.35 

0.13 

1.46 

0.56 

1.80 

0.26 

WG26H52 

1.00 

0.17 

0.31 

0.10 

0.33 

0.05 

nC26H64 

5.52 

0.09 

2.46 

0.63 

1.93 

0.40 

WC27H56 

1.41 

0.27 

0.42 

0.16 

0.41 

0.08 

nC28H68 

8.51 

0.14 

3.25 

1.23 

1.86 

1.92 

71C29H60 

2.26 

0.96 

0.64 

0.27 

0.59 

0.09 

71C30H62 

9.49 

0.17 

3.10 

3.58 

1.65 

0.76 

nC3iH64 

2.95 

1.18 

0.56 

0.38 

0.72 

0.05 

71C32H66 

6.31 

0.24 

2.60 

1.14 

1.94 

0.22 

71C33H68 

1.97 

1.03 

0.32 

0.16 

0.40 

0.02 

71C34H70 

2.70 

0.09 

1.18 

0.18 

1.13 

0.06 

71C36H72 

0.46 

71C36H74 

0.74 

0.03 

0.22 

0.04 

0.25 

0.04 

*  Concentrations  calculated  in  terms  of  parts  per  million  of  starting  dried  sediment. 
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TABLE  66.    Distribution  of  Deuterated  Hydrocarbons  Produced  from  108-m  Sample, 

parts  per  million* 


Amount  of  Deuterated  Species 

Formula 

Total 

d0 

di 

do 

dz 

di 

71C14H30 

0.63 

0.03 

0.36 

0.04 

0.19 

0.02 

nCi6H32 

0.52 

0.05 

0.16 

0.16 

0.12 

0.03 

nCi6H34 

3.39 

0.11 

1.10 

0.31 

1.63 

0.24 

wCnHse 

0.44 

0.12 

0.09 

0.08 

0.10 

0.05 

71C18H38 

2.01 

0.00 

0.65 

0.17 

0.98 

0.22 

WC19H40 

0.44 

0.14 

0.10 

0.06 

0.07 

0.05 

WC20H42 

2.34 

0.00 

1.61 

0.15 

0.49 

0.08 

?iC2iH44 

0.59 

MC22H46 

3.39 

6.66 

1.48 

6.25 

i.54 

6.12 

/1C23H48 

0.61 

0.10 

0.14 

0.09 

0.22 

0.05 

71C24H6O 

4.23 

0.09 

0.84 

0.49 

2.91 

0.00 

nC26Hs2 

0.74 

71C26H54 

4.11 

6.17 

i.00 

6.37 

2.54 

6.04 

71C27H56 

0.70 

0.09 

0.15 

0.05 

0.36 

0.04 

nC28H58 

4.17 

0.04 

1.42 

0.43 

1.89 

0.40 

71C29H60 

1.36 

0.35 

0.29 

0.07 

0.58 

0.06 

nC3oH62 

5.13 

7lC3lH64 

1.94 

6.59 

6.25 

6.17 

6.80" 

6.07 

71C32H66 

4.92 

0.17 

1.29 

0.46 

2.57 

0.25 

71C33H68 

1.94 

0.56 

0.28 

0.11 

0.89 

0.06 

nCaH.70 

3.54 

0.08 

0.79 

0.16 

2.14 

0.21 

/IC36H72 

0.81 

riC36H74 

1.77 

6.04 

6.31 

6.06 

6.77 

6.12 

*  Concentrations  calculated  in  terms  of  parts  per  million  of  starting  dried  sediment. 


deuterium  atoms.  They  have  mainly  an 
even  number,  of  carbon  atoms  and  lie  in 
the  range  of  26  to  32  carbon  atoms. 
Likely  precursors  are  long-chained,  di- 
hydric  alcohols.  About  5%  of  the  normal 
hydrocarbons  have  4  deuterium  atoms 
and  have  26,  28,  and  30  carbon  atoms. 
They  could  originate  from  hydroxy  acids. 

The  monomethyl-substituted  hydro- 
carbons have  a  pattern  of  deuterium 
labeling  similar  to  that  of  the  normal 
hydrocarbons  of  similar  molecular  weight, 
having  mainly  1  and  3  deuterium  atoms. 
On  the  other  hand,  the  phytane  is  ex- 
clusively monodeuterated,  confirming  its 
origin  from  hydrogenated  phytol. 

Very  little  organic  matter  was  ex- 
tracted from  the  core  samples  as  humic 
acids  in  the  second  step  of  the  initial 
fractionation.  An  average  of  40  parts  per 
million  of  the  dried  sediment  was  iso- 
lated in  this  manner.  This  amount  is  in 
marked  contrast  to  the  amounts  in  other 
sediments.  For  example,  about  10%  of 
the  organic  matter  in  surface  sediments 


from  the  San  Pedro  Basin  in  the  conti- 
nental shelf  off  southern  California  exists 
as  humic  acids. 

The  kerogen  fraction  of  the  organic 
matter  in  the  80-m  sample  was  treated  in 
the  following  way.  The  extracted  sample 
was  divided  into  two  parts.  One  part 
was  oxidized  in  aqueous  solution,  and 
the  resulting  organic  acids  were  examined. 
The  second  part  was  pyrolyzed  in  a 
stream  of  hydrogen,  and  the  hydrocar- 
bons that  were  produced  were  analyzed. 

The  sample  for  oxidation  was  sus- 
pended in  3  M  sulfuric  acid  and  steam 
distilled.  A  solution  saturated  with  po- 
tassium dichromate  was  added  during 
the  distillation.  Acids  produced  by  oxi- 
dation of  the  kerogen  are  swept  out  of  the 
system  as  soon  as  they  are  sufficiently 
volatile  to  be  steam  distilled.  Fatty  acids 
with  up  to  14  carbon  atoms  can  be  iso- 
lated in  this  way.  The  distillate  and  the 
residue  were  extracted  separately  with 
diethyl  ether  to  obtain  volatile  and  non- 
volatile   acids.     The    nonvolatile    acids, 
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which  accounted  for  0.044  wt  %  of  the 
sediment,  were  converted  to  their  methyl 
esters.  Gas  chromatography  and  mass 
spectrometry  were  used  to  identify  major 
components.  Dicarboxylic  acids  from 
succinic  (3  carbon  atoms)  to  adipic  (6 
carbon  atoms)  were  in  the  majority.  A 
surprising  result  was  that  fatty  acids  with 
greater  than  12  carbon  atoms  were  not 
detected.  Other  Holocene  sediments  ex- 
amined by  this  technique  have  yielded 
appreciable  amounts  of  fatty  acids.  Al- 
though chromic  acid  oxidation  is  a  fairly 
drastic  degradation  procedure,  fatty  acids 
are  only  slowly  oxidized  and  can  survive. 
The  steam  volatile  acids  accounted  for 
0.3  wt  %  of  the  sediment.  They  were 
converted  to  their  n-butyl  esters  and 
identified.  The  major  components  of  the 
mixture  were  normal  aliphatic  acids  from 
acetic  (2  carbon  atoms)  to  decanoic  (10 
carbon  atoms) .  Such  acids  with  2,  3,  and 
4  carbons  comprised  80%  of  the  product. 
Minor  amounts  of  branched-chain  ali- 
phatic acids  and  benzoic  acids  were 
identified.  The  results  are  consistent  with 
those  found  for  other  Holocene  sediments, 


where  mild  oxidation  produces  mainly 
products  with  short  carbon  chains. 

A  second  portion  of  the  kerogen  resi- 
due was  pyrolyzed  overnight  in  a  stream 
of  hydrogen  at  1  atm  pressure  and  at 
350  °C.  A  portion  of  the  pyrolysate  was 
distilled  in  the  gas  flow  into  a  trap  cooled 
by  dry  ice.  The  residue  in  the  pyrolysis 
tube  was  extracted  with  benzene-metha- 
nol  mixture  and  combined  with  the  mate- 
rial in  the  trap.  The  weight  of  the 
benzene-soluble  organic  matter  after  py- 
rolysis amounted  to  0.10%  of  the  sedi- 
ment. The  mixture  was  fractionated  by 
silica-gel  chromatography,  and  the  hy- 
drocarbons and  olefins  were  eluted  by 
hexane.  They  accounted  for  28%  of  the 
soluble  pyrolysate. 

Subsequent  elution  of  the  silica-gel 
column  with  more  polar  solvents  pro- 
duced a  well-resolved  red  band.  After 
purification,  the  red  material  gave  the 
optical  absorption  spectrum  of  metallo- 
porphyrins.  It  originated  from  chloro- 
phyll derivatives  in  the  sediment.  A  gas 
chromatogram  of  the  olefinic  and  satu- 
rated hydrocarbons  is  shown  in  Fig.  141 


Saturated  and  Olefinic 
Hydrocarbons  from 
Pyrolysis-Cariaco  Trench 
Core 
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Fig.  141.  Gas  chromatogram  of  saturated  and  olefinic  hydrocarbons  from  the  pyrolysis  of  sedi- 
ment from  the  Cariaco  Trench.  The  chromatogram  was  made  under  the  conditions  given  in  Fig. 
138.  The  numbers  at  the  tops  of  major  peaks  designate  a  normal  saturated  hydrocarbon  with  that 
number  of  carbon  atoms.  The  peak  immediately  preceding  each  saturated  peak  is  due  to  a  normal 
olefinic  hydrocarbon  with  the  same  number  of  carbon  atoms. 
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with  the  identification  of  major  com- 
ponents. The  urea  adduct  of  the  mixture 
yielded  a  smooth  distribution  of  normal 
paraffins  and  olefins  with  a  maximum  at 
C22H46  and  with  no  preference  for  even  or 
odd  carbon  numbers.  The  normal  olefins 
were  about  15%  of  the  normal  paraffins. 
Preliminary  work  on  the  1-m  and  108-m 
samples  has  given  similar  results.  The 
products  from  the  pyrolysis  of  the  sedi- 
ments are  consistent  with  a  model  in 
which  lipids  are  chemically  and  physi- 
cally bonded  to  inorganic  minerals  and 
the  kerogen  matrix.  Destructive  pyrolysis 
converts  them  to  free  hydrocarbons, 
which  can  then  be  isolated. 

The  most  significant  observation  made 
in  this  study  is  the  constancy  of  the  com- 
position and  concentration  of  several  frac- 
tions of  organic  substances  in  a  uniform 
sedimentary  deposit  spanning  several 
hundred  thousand  years.  The  anaerobic 
environment  and  the  uniform  low  tem- 
perature in  the  Cariaco  Trench  have  pro- 
duced an  unexpected  degree  of  preserva- 
tion. The  observations  on  lipids  are  in 
marked  contrast  to  those  on  amino  acids, 
reported  in  another  section,  where  large 
changes  were  noted. 

Secondly,  the  utility  of  the  reductive 
deuteration  technique  for  forming  deriva- 
tives of  the  lipid  fraction  of  sediments  has 
been  demonstrated.  A  rapid  quantitative 
survey  of  major  structural  classes  is  pos- 
sible. A  measure  of  the  relative  amounts 
of  functionalized  molecules  can  be  made. 
The  technique  is  especially  valuable  for 
substances  of  high  molecular  weight.  In 
principle,  the  concentrations  of  individual 
species  in  a  number  of  compound  classes 
could  be  determined  by  conventional  sep- 
aration, derivatization,  and  chromato- 
graphic techniques.  In  practice,  such  an 
approach  is  difficult  for  the  complex  mix- 
tures of  materials  of  high  molecular 
weight  in  sediments.  Undoubtedly,  some 
classes  of  compounds  are  missed  by  the 
technique  used  in  this  work.  For  example, 
sterols  and  their  transformation  products 
should  be  present  in  the  lipid  fraction  of 


the  Cariaco  Trench  sediments;  however, 
sterane  or  sterene  hydrocarbons  were  not 
detected. 

Third,  the  difficulties  of  characteriz- 
ing the  kerogen  fraction  of  sediments  are 
clearly  pointed  out.  It  was  possible  to  do 
detailed  structural  studies  on  the  benzene 
extract,  which  accounted  for  only  a  small 
fraction  of  the  organic  matter.  The 
major  component  cannot  be  described 
nearly  so  well.  The  fact  that  the  degra- 
dative  techniques  yield  mainly  molecules 
with  6  or  fewer  carbon  atoms  indicates 
that  the  carbohydrate-amino  acid  con- 
densation product,  which  has  been 
studied  in  this  laboratory,  may  be  a 
realistic  model  for  the  kerogen  in  Holo- 
cene  sediments. 

Amino  Acid  Geochemistry  of  a  Sediment 
Core  from  the  Cariaco  Trench 

P.  E.  Hare 

Amino  acids  in  marine  sediments  are 
derived  from  a  number  of  sources.  As  in 
terrestrial  soils  there  is  an  active  micro- 
biological zone  near  the  sediment  surface 
that  feeds  on  and  reworks  detrital  and 
dissolved  organic  material  from  the  over- 
lying water  column.  Calcareous  compo- 
nents of  organisms  living  in  the  water 
column  have  significant  amounts  of  or- 
ganic matter  as  an  integral  part  of  their 
tests,  and  this  organic  matter  largely 
escapes  turnover  by  the  sediment  micro- 
organisms. Calcareous  as  well  as  siliceous 
fossil  remains  make  up  the  bulk  of  many 
modern  marine  sediments. 

Although  clays  are  frequently  present 
in  marine  sediments,  their  role  in  the 
diagenesis  of  organic  matter  in  marine 
sediments  is  largely  unknown.  Examples 
of  clay-organic  interactions  that  have 
been  studied  (e.g.,  Grim,  1968)  suggest 
that  clays  may  play  an  important  role  in 
certain  transformations  of  organic  matter 
in  marine  sediments.  Previous  investi- 
gations (e.g.,  Degens,  1965;  Stevenson 
and  Cheng,  1970)  of  amino  acids  in  sedi- 
ments involved  extracting  the  bulk  sedi- 
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ment  with  strong  acid.  This  procedure 
makes  it  impossible  to  ascertain  with 
which  minerals  or  size  fractions  within 
the  sediment  the  amino  acids  are  associ- 
ated. 

This  report  presents  data  on  the  distri- 
bution of  the  amino  acids,  amino  sugars, 
and  ammonia  in  various  fractions  within 
sediment  samples  from  1,  80,  and  108  m 
of  a  core  from  the  Cariaco  Trench.  The 
freeze-dried  sediment  samples  were  ini- 
tially mixed  with  an  equal  volume  of  dis- 
tilled water  and  allowed  to  stand  for  3 
hours  at  room  temperature.  After  cen- 
trifugation  an  aliquot  of  the  water  extract 
was  analyzed  for  free  amino  acids,  and 
another  aliquot  was  hydrolyzed  in  QN 
HC1  for  22  hours  at  110°C  and  evapo- 
rated to  dryness.  The  residue  was  ana- 
lyzed for  total  amino  acids  by  ion- 
exchange  chromatography.  The  water- 
extracted  residue  was  then  extracted  (24 
hours  at  room  temperature)  with  dilute 
(0.1  N)  NaOH  to  obtain  a  humic  acid 
fraction.  Aliquots  of  the  NaOH  extract 
were  acidified  and  analyzed  for  free 
amino  acids  and  also  hydrolyzed  with 
6  N  HC1  to  recover  combined  amino 
acids.  The  extracted  residue  from  this 
treatment  was  then  neutralized  to  pH  7 
with  dilute  acid,  shaken  well  in  a  5-ml 
vial  with  distilled  water,  and  allowed  to 
settle  for  2  hours  to  obtain  a  separation 
into  a  coarse  fraction  and  fine  fraction. 
The  fine  fraction  was  composed  primarily 
of  clay  with  a  particle  size  of  <  1  /xm, 
containing  no  calcitic  microfossils  that 
were  observable  under  the  scanning  elec- 


tron microscope.  The  coarse  fraction,  on 
the  other  hand,  was  a  mixture  of  approxi- 
mately one-quarter  clay  and  three-quar- 
ters calcitic  remains  of  planktonic  orga- 
nisms. Both  the  fine  and  coarse  fractions 
were  hydrolyzed  in  6  N  HC1  (110°C,  22 
hours)  to  release  any  combined  amino 
acids  present.  After  hydrolysis  the  super- 
natant acid  solution  was  evaporated  to 
dryness,  the  residue  dissolved  in  water, 
and  the  pH  adjusted  to  10  with  1  N 
NaOH  to  precipitate  any  interfering  cat- 
ions. After  centrifugation  the  superna- 
tant liquid  was  acidified  to  pH  2  with 
HC1,  and  aliquots  were  then  placed  di- 
rectly on  the  ion-exchange  column  for 
amino  acid  analysis.  Standard  amino 
acid  and  ammonia  mixtures  carried 
through  this  procedure  show  losses  of  less 
than  3%  of  any  component  compounds. 

The  total  amino  acids  recovered  from 
all  fractions  of  the  sample  decrease  from 
about  4  jionol/g  at  the  1-m  level  to  1 
ju,mol/g  at  108  m,  and  the  ammonia  con- 
centration rises  from  8.3  to  11.1  /miol/g. 

The  distribution  of  the  amino  acids 
within  the  various  sediment  fractions  is 
shown  in  Table  67.  In  each  fraction 
there  is  a  significant  decrease  with  the 
depth  of  the  sample.  Although  approxi- 
mately 50%  of  the  amino  acids  are  in  the 
coarse  fraction,  over  80%  of  the  sediment 
weight  is  in  this  fraction.  The  fine  frac- 
tion, which  makes  up  about  15%  of  the 
weight  of  the  sediment  samples,  contains 
nearly  25%  of  the  amino  acids.  On  an 
equivalent  weight  basis,  the  concentra- 
tion of  amino  acids  in  the  fine  clay  frac- 


TABLE  67.   Distribution  of  Total  Amino  Acids  in  Core  from  Cariaco  Trench,  Caribbean  Sea, 
Deep  Sea  Drilling  Project,  Site  147,  nmol/g 


1  meter 

80  meters 

108  meters 

A* 

113  (  2.8)t 

50  (  3.5) 

36  (  3.5) 

B 

814  (20.3) 

306  (21.3) 

185  (18.0) 

C 

2184  (54.3) 

695  (48.5) 

533  (52.0) 

D 

912  (22.6) 

384  (26.7) 

273  (26.5) 

4023 

1435 

1027 

*  A,  H20  extract;  B,  NaOH  extract;  C,  coarse  fraction;  D,  fine  fraction. 
t  Numbers  in  parentheses  are  percentages  of  total  of  each  fraction. 
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TABLE  68.   Distribution  of  Ammonia  in  Core  (DSDP  Site  147)  from  Cariaco  Trench, 

Caribbean  Sea,  nmol/g 


1  meter 

80  meters 

108  meters 

A* 
B 
C 
D 

960  (11.6)t 
1060  (12.8) 
3430  (41.4) 
2840  (34.2) 

8290 

1900  (19.7) 
1600  (16.6) 
2750  (28.5) 
3400  (35.2) 

9650 

1700  (15.2) 
2400  (21.6) 
2740  (24.6) 
4300  (38.6) 

11,140 

*  A,  H20  extract;  B,  NaOH  extract;  C,  coarse  fraction;  D,  fine  fraction. 
f  Numbers  in  parentheses  are  percentages  of  total  of  each  fraction. 


tion  is  actually  more  than  twice  that  in 
the  coarse  fraction  containing  a  mixture 
of  three-quarters  carbonate  and  one- 
quarter  clay.  The  water  and  NaOH  ex- 
tracts together  account  for  20  to  25%  of 
the  total  amino  acids,  indicating  a  signifi- 
cant fraction  easily  exchanged  or  not 
tightly  bound  to  any  mineral  phases. 

The  concentration  of  ammonia  in  the 
various  sediment  fractions  and  extracts 
is  shown  in  Table  68.  Unlike  the  amino 
acid  concentrations,  the  absolute  am- 
monia concentration  actually  increases 
in  most  of  the  fractions.  The  fine  fraction 
contains  the  highest  ammonia  concentra- 
tions in  the  two  deeper  samples.  On  an 
equivalent  weight  basis,  the  fine  fraction 
contains  nearly  five  times  as  much  am- 
monia as  the  coarse  fraction  in  the  1-m 
samples  and  nearly  nine  times  as  much  as 
in  the  108-m  sample. 

Ammonia  accounts  for  the  largest  frac- 
tion of  the  ninhydrin  positive  compounds. 
The  ratio  of  ammonia  to   amino   acids 


shown  in  Table  69  is  approximately  2:1 
in  the  near-surface  sample,  7:1  in  the 
80-m  sample,  and  11:1  in  the  108-m 
sample.  These  data  suggest  that  much  of 
the  ammonia  could  be  the  result  of 
deamination  reactions  of  the  amino  acids 
and  amino  sugars  that  produce  am- 
monia, because  the  total  concentrations 
of  amino  acids  and  ammonia  are  approxi- 
mately constant  in  the  three  core  sam- 
ples. The  increase  in  ammonia  with  the 
depth  of  the  sample  is  nearly  balanced  by 
an  equal  decrease  in  the  amino  acid  con- 
centration. 

The  individual  amino  acid  concentra- 
tions, as  well  as  the  amino  sugar  and  am- 
monia concentrations,  are  listed  in  Table 
70.  All  of  the  common  protein  amino 
acids  were  found  in  most  fractions.  In 
addition,  several  other  amino  acids  and 
ninhydrin  positive  compounds  were  found 
in  concentrations  of  a  few  nanomoles  per 
gram.  These  include  urea,  taurine,  alpha 
amino  butyric  acid,  diamino  pimelic  acid, 


TABLE  69.  Ratio  of  Ammonia  to  Amino  Acids  in  Core  (DSDP 
Site  147)  from  Cariaco  Trench,  Caribbean  Sea 


1  meter 


80  meters 


108  meters 


A* 

8.5 

38 

47 

B 

1.3 

5.2 

13 

C 

1.57 

3.95 

5.15 

D 

3.1 

8.9 

15.8 

Average  for  sample 

2.06 

6.74 

10.85 

*  A,  H2O  extract ;  B,  NaOH  extract ;  C,  coarse  fraction ;  D, 
fine  fraction. 


GEOPHYSICAL     LABORATORY 


595 


o 


o 


.5  M 


2 

o 

'S 

s 

o 

d 

£ 

s 

03 

< 

m 

"O 

a 

c 

^0 

CO 

jfi 

rs 

'C 

'o 

cS 

<u 

o 


PQ 


O 


PQ 


O 


NOiQO'-iiHMtDtOOiO         eO  -^  00  '  Ci  CO 

1— i  h  N  M  N  <M  CO  CO      •  1_ !         O 


piciqo  oq  oq  cm  oo  ^.P 

coc4^Hcx3iococ<i(N'o6icoa5'^r>-oo 

lOHHCOINOCOtO  lO  CO         (NtJH 


00  CO  o 

i-l    r-H    ■* 


6^connomo>h 


OOHOOOOOOOOOOiON 


•  d  d 


(N  00  CO 


tO  CN  Tt<  GO  CO  O  O 


^ujo 


o 

■  CM  <35  © 

.Nh"5 


'"J  '""!''*.  °0  ^  ®  ^         NNWOMN         CD         ■<*< 

1-H  ^H  lO   ^H    CM  O  1-H  S 


HOlOOtOiflpNOl 


00    ^H 

d  ^h 


00  O)  lO  O  M 


iO  lO  O  lO        o  o  o 

TfoddiO'^iNomHNiMTjico'aio 

OONTftooOHOMlN  ^OlcOi-iiO 

iH  r-H    i-H    CM    CM    CM  i-H    i-H  i— I    1-H 


ONONOOO         MMH         CM 

oo'uoT!jHcdi>;-^Hioooi>c4i>^05C\io5cq 

OXNMCOCCMOON  CNCO'-h^h^h 


^H   O   05   Q 


MirjiONONM 


OS  iO 

^H    CN 


co  cm 

CM  lO 


CO  CO 
CO  l> 
iO  o 


oo  oo 

i-H    lO 


Tf  CO 

oo  oo 

CO  t- 


lO  ■* 
CO  tP 


CO  CO 

2  2 

co  as 


as 

°°'  2 

CO  ^ 

oo 

CM 

O 

CM  CM 

^  lO 
C5  t> 

CO 

i-i  o 

co  co 

CO 

00    ^H 

H    CO 

CM  «0 

•g  5 


H  2 


c 

'8 
.So 


5  S 

•g  * 

W      H     ffl 

-  S  3  s  I 


3 

i.2 
§§51 


U 


pq 


596 


CARNEGIE     INSTITUTION 


hydroxylysine,  ethanolamine,  methyl- 
amine,  and  ethylamine.  Beta-alanine 
was  also  found  in  most  fractions,  but 
quantitation  of  /3-alanine  was  not  at- 
tempted because  of  interference  on  the 
chromatogram  charts  by  other  com- 
pounds. 

The  amino  acid  compositions  shown  in 
Table  70  show  significant  differences  in 
the  various  fractions  as  well  as  differences 
in  the  same  fractions  at  different  depths. 
Some  of  these  differences  may  be  due  to 
the  extractions  with  water  and  NaOH, 
which  could  selectively  extract  certain 
components.  In  both  the  water  and 
NaOH  extracts  the  amino  acids  isoleucine 
and  leucine  make  up  less  than  10%  of  the 
total  amino  acids  in  all  three  core  samples. 
In  the  same  samples  the  fine  fraction  has 
nearly  20%  isoleucine  and  leucine.  The 
fine  fraction  has  relatively  less  of  the 
acidic  amino  acids  aspartic  and  glutamic, 
as  well  as  less  glycine. 

The  calcific  phase,  which  is  part  of  the 
coarse  fraction,  is  characterized  by  rela- 
tively high  amounts  of  aspartic  acid.  This 
is  a  characteristic  of  invertebrate  calci- 
fied tissues  in  which  aspartic  acid  ac- 
counts for  around  20%  of  the  total  amino 
acids  found  (King,  1972). 

The  ratio  of  alloisoleucine  to  isoleucine 
{A/ 1) ,  which  is  an  indication  of  the  ex- 
tent of  epimerization  and  racemization  of 
the  amino  acids,  suggests  that  the  amino 
acids  are  largely  in  the  L-configuration. 
There  seems  to  be  little  or  no  systematic 
change  with  sample  depth.  The  A/I  ratios 
vary  from  near  zero  in  the  water  extract 
to  0.14  in  the  coarse  fraction  at80  m.  Some 
isolated  and  cleaned  foraminiferal  tests 
from  other  aliquots  of  these  same  samples 
show  much  more  epimerization  of  isoleu- 
cine in  the  108-m  sample,  with  an  A/I 
ratio  of  0.5,  in  agreement  with  data  from 
other  cores  of  similar  age  (King,  1972). 
It  may  be  concluded  that  at  least  some 
aspects  of  amino  acid  diagenesis  differ 
considerably  when  the  organic  matter  is 
in  association  with  the  carbonate  phase 
as  compared  with  other  components  of 
the  sediment. 


The  data  presented  in  this  report  show 
that  there  are  significant  differences  in 
the  amino  acid  compositions  and  con- 
centrations in  different  fractions  and  core 
depths  of  the  sediment  samples.  The 
amino  acids  present  in  calcareous  for- 
aminifera  tests  undergo  diagenesis  in 
approximately  a  closed  system  with  sig- 
nificant epimerization  of  isoleucine  occur- 
ring in  200,000  years.  In  contrast,  the 
clay  fraction  has  amino  acid  compositions 
substantially  different  from  the  cal- 
careous fractions,  and  diagenesis  proceeds 
with  little  if  any  significant  epimeriza- 
tion of  isoleucine. 

Hoering,  elsewhere  in  this  report,  shows 
that  the  lipid  fraction  is  suggestive  of  a 
land  plant  origin  and  furthermore  shows 
that  the  differences  with  sample  depth  are 
relatively  minor. 

The  sedimentary  petrologist  studying 
various  mineral  fractions  has  often  been 
able  to  determine  specific  sources  of  the 
detrital  minerals  in  his  samples  as  well  as 
to  gain  information  on  diagenesis.  By 
analogy  it  should  be  possible  for  the 
organic  geochemist,  by  a  careful  study  of 
the  organic  matter  in  various  sediment 
fractions  and  associated  with  specific 
mineral  phases,  to  answer  some  of  the 
questions  regarding  the  many  sources  of 
sedimentary  organic  matter,  its  diagene- 
sis, and  even  its  contamination  by  the 
migration  of  ancient  or  recent  soluble 
organic  matter. 

Species  Effects  in  the  Epimerization 

OF  L-ISOLEUCINE  IN  FOSSIL  PlANKTONIC 
FORAMINIFERA 

K.  King,  Jr.,  and  P.  E.  Hare 

A  species  dependency  has  been  ob- 
served in  the  amino  acid  composition  of 
the  calcareous  tests  of  living  and  fossil 
planktonic  foraminifera  (King  and  Hare, 
1972a,6).  Each  species  exhibits  a  unique 
amino  acid  pattern  that  contains  taxo- 
nomic  information,  which  is  useful  for 
establishing  phylogenetic  affinities  within 
the  fossil  record. 
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Some  of  the  amino  acids  found  in  fossil 
foraminifera  are  diagenetic  products 
rather  than  preserved  constituents  of  the 
original  shell  organic  matrix.  D-alloiso- 
leucine,  produced  from  the  epimerization 
of  L-isoleucine,  is  of  special  interest  be- 
cause of  its  potential  utility  for  dating 
fossils.  This  geochronological  applica- 
tion, based  on  work  with  shells  of  the  bi- 
valve Mercenaria,  was  first  suggested  by 
Hare  and  Mitterer  (Year  Book  67,  p. 
205). 

Wehmiller  and  Hare  (1971)  studied 
the  epimerization  of  L-isoleucine  in  high- 
carbonate  marine  sediments  by  analyzing 
the  coarse  fraction  ( >  74  /mi) ,  which  is 
predominantly  a  mixture  of  foraminiferal 
species.  Their  major  findings  were:  (1) 
a  linear  logarithmic  relationship  exists 
between  extent  of  epimerization  [log 
(Xe  —  X)/Xe]  versus  age  for  approxi- 
mately the  first  400,000  years  and  pro- 
vides a  method  for  reasonably  reliable 


age  estimates,  and  (2)  the  amount  of 
scatter  in  older  samples  precludes  the 
assignment  of  absolute  ages.  It  was  post- 
ulated that  this  scatter  may  be  due  to 
significant  differences  in  epimerization 
characteristics  among  individual  species. 

Alloisoleucine  -  to  -  isoleucine  ratios 
(A/I)  were  measured  in  29  samples  of 
seven  species  isolated  from  six  dated 
horizons  (155,000  years-1.86  m.y.)  in  an 
Atlantic  deep-sea  core  sample  (V16-205). 
Species  were  selected  to  obtain  a  repre- 
sentative sampling  of  shell  structures  and 
compositions  within  the  two  planktonic 
foraminiferal  families  Globigerinidae 
(spinose)  and  Globorotaliidae  (non- 
spinose).  The  core  VI 6-205  was  chosen 
because  it  contained  a  continuous,  un- 
equivocal paleomagnetic  record  of  more 
than  2.0  m.y.  (Ericson  and  Wollin,  1968) . 

The  A/I  ratios  were  used  to  calculate 
values  of  (Xe  —  X)  /Xe,  with  Xe  defined 
as   the   mole   fraction   of   alloisoleucine 
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Fig.  142.  Calibration  curve  for  dating  deep-sea  sediments  back  to  > — 10.0  m.y.  (based  on  four 
species  of  genus  Globoquadrina) .  Curves  for  three  other  species  are  included  in  the  time  period 
— 700,000  years-1.86  m.y.  to  illustrate  the  equality  of  epimerization  rates  among  uncontaminated 
species  after — 200,000  years.  Species:  G.  conglob.,  Globigerinoides  conglobatus;  P.  obliq.,  Pul- 
leniatina  obliquiloculata ;  G.  duter.,  Globoquadrina  dutertrei;  G.  crass.,  Globorotalia  crassaformis; 
G.  altis.,  Globoquadrina  altispira;  G.  conglom.,  Globoquadrina  conglomerata ;  G.  eximia,  Globo- 
quadrina eximia;  G.  fohsi,  Globorotalia  fohsi  lobata. 
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at  equilibrium,  and  X  as  the  mole  frac- 
tion at  time  t.  A  value  of  1.30  was  se- 
lected for  the  A/I  ratio  at  equilibrium, 
on  the  basis  of  two  species  of  Early 
Miocene  planktonic  foraminifera  (King 
and  Hare,  1972a,6).  Thus,  Xe  is  equal  to 
1.30/(1.30  +  1.00)  or  0.565,  and  X  is 
calculated  from  (A/I) /(A/I  +  1.00), 
using  measured  A/I  values. 

A  marked  species  effect  is  revealed  in 
a  plot  of  log  (Xe  —  X)/Xe  versus  sam- 
ple age  (King,  1972).  Each  species  ex- 
hibits a  different  degree  of  epimerization 
at  a  given  time  horizon.  The  resulting 
scatter  is  even  greater  than  that  observed 
by  Wehmiller  and  Hare  (1971). 

In  the  analysis  of  the  data  (King, 
1972)  it  was  found  that  a  number  of 
samples  had  anomalously  low  values  for 
the  alloisoleucine-to-leucine  ratio  for 
their  known  geologic  age.  These  same 
older  samples  also  showed  anomalously 
high  threonine  and  serine  values,  which 
must  be  ascribed  to  contamination.  High 
glycine-to-alanine  ratios  are  also  charac- 
teristic of  these  contaminated  samples. 
Using  these  values  as  criteria  for  identify- 
ing contamination,  nearly  half  of  the 
samples  are  identified  as  unequivocally 


contaminated.  If  only  the  uncontami- 
nated  samples  are  then  considered,  a  set 
of  four  curves  for  different  species  is 
generated  as  shown  in  Fig.  142.  The 
curves  are  straight  lines  having  essen- 
tially the  same  slope  during  the  period  of 
overlap  from  0.70  to  1.86  m.y. 

On  the  basis  of  analyses  of  three  addi- 
tional species  of  genus  Globoquadrina 
isolated  from  the  3.3-  and  10.0-m.y. 
horizons  of  older  cores,  the  Globoquad- 
rina dutertrei  line  was  extended  back  to 
the  Middle  Miocene,  with  its  linearity 
maintained. 

These  empirical  species  curves  provide 
the  basis  for  a  potentially  useful  dating 
technique.  By  analyzing  one  of  the  un- 
contaminated  species,  it  is  possible  to  cal- 
culate the  (Xe  —  X)/Xe  ratio  from  the 
measured  alloisoleucine-to-isoleucine  ra- 
tio. The  equivalent  estimated  age  can 
then  be  determined  graphically  from  the 
corresponding  calibration  curve.  Since 
most  of  these  data  are  representative  of 
only  one  core,  a  systematic  study  of  the 
same  species  from  other  cores  is  needed 
to  establish  the  possible  effect  of  different 
geochemical  environments. 


NEW  TECHNIQUES  AND  EQUIPMENT 


Electron  Microprobe  Automation* 
L.  W.  Finger  and  C.  G.  Hadidiacos 

Mineral  analyses  obtained  by  electron 
microprobe  techniques  are  exceedingly 
important  to  the  study  of  the  phase  equi- 
librium of  geologic  systems.  This  report 
describes  a  computer  automation  system 
that  quickly  performs  a  multi-element 
analysis  of  a  spot,  corrects  the  results  for 
matrix  effects,  and  prints  the  mineral 
formula. 

The  chemical  complexity  and  extreme 
zonation  of  many  geologic  materials 
greatly  complicate  the  operation  of  a 
microprobe.   On  a  manually  operated  in- 

*  Research  supported  in  part  by  National 
Aeronautics  and  Space  Administration  grant 
NGL-09-140-012. 


strument,  it  is  not  generally  possible  to 
repeat  a  spectrometer  position  with  the 
accuracy  required;  consequently,  the 
elements  are  measured  in  sets  with  only 
one  element  per  spectrometer.  A  com- 
plete analysis  requires  that  the  operator 
relocate  the  beam  at  the  identical  location 
for  each  set  of  elements.  If  the  mineral 
is  homogeneous  or  has  only  a  slight  varia- 
tion in  the  region  of  the  point  of  analysis, 
a  close  approximation  to  the  chemical 
composition  may  be  obtained.  In  many 
minerals,  however,  a  significant  error 
may  arise  from  positioning  inaccuracies. 
This  error  is  avoided  by  using  a  method 
such  as  a  nondispersive  detector  system 
or  computer-controlled  spectrometers, 
which  measure  all  elements  to  be  col- 
lected before  the  stage  is  moved.  For  the 
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reasons  given  by  Finger  and  Hadidiacos 
(Year  Book  70,  pp.  269-275),  the  latter 
method  was  chosen  for  the  automation  of 
the  MAC  model  400  electron  microprobe.* 

The  system  consists  of  a  Digital  Equip- 
ment Corporation  PDP-11  computer  with 
8K  memory  (increased  from  4K  since  the 
previous  report) ,  a  teletype  and  medium- 
speed  paper  tape  reader,  a  Canberra  In- 
dustries automation  system  with  a  sealer- 
timer,  a  motor  control  unit,  and  a  step- 
ping motor  for  each  of  the  three  X-ray 
channels.  An  additional  device,  designed 
and  built  at  the  Laboratory  ( Year  Book 
70,  pp.  269-275),  serves  as  an  electron- 
beam  shutter  and  current  digitizer.  This 
unit  minimizes  the  effects  of  spot  con- 
tamination by  intercepting  the  beam 
when  no  X  rays  are  being  counted  and 
provides  the  information  necessary  to 
correct  the  X-ray  intensity  for  variations 
in  the  beam  current.  The  linear  amplifiers 
and  pulse-height  analyzers  are  not  con- 
trolled by  the  computer;  therefore,  they 
must  be  set  to  values  suitable  for  all  the 
elements  to  be  measured  on  that  channel. 
Similarly,  the  operating  conditions  of  the 
electron  gun  and  lens  system  are  fixed 
during  the  entire  analysis.  None  of  these 
constraints  are  detrimental  to  the  auto- 
matic operation  of  the  instrument. 

There  are  several  routines  currently 
available  to  the  user  of  the  system.  Many 
of  these  are  included  in  a  single  program 
that  is  coded  in  PAL-11,  the  assembly 
language  for  the  PDP-11,  which  operates 
the  system  very  efficiently.  The  major 
saving  of  time  arises  from  the  asynchron- 
ous operation  of  the  spectrometers;  the 
initiation  of  counting  on  one  channel  is 
never  delayed  because  one  of  the  other 
channels  is  still  driving  to  a  new  position. 
Combining  this  feature  with  fixed-count 
measurements  and  the  electron-beam 
shutter,  it  is  possible  to  complete  an 
analysis  with  a  minimum  of  elapsed  time 
and,  more  important,  a  minimum  of  spot 
contamination  and  sample  degradation. 

*  Purchased  with  the  assistance  of  the   Na- 
tional Science  Foundation  under  grant  GP  4384. 


The  system  programs  include  a  routine  to 
interface  the  PDP-11  version  of  BASIC 
(Beginners  All-purpose  Symbolic  Instruc- 
tion Code)  to  the  microprobe.  This  high- 
level  language  may  then  be  used  to  test 
new  procedures.  Individual  users  may 
also  use  it  for  the  coding  of  special  pur- 
pose programs. 

The  utility  routines  available  in  the 
assembly  language  system  include  a  gen- 
eral motor-drive  program  with  complete 
independent  control  of  each  unit.  A  full 
range  of  motor  speeds  may  be  selected, 
and  the  motion  may  be  specified  as  a 
relative  offset  or  as  a  final  position.  A 
spectrometer  step-scan  program  for  de- 
tailed studies  of  peak  or  background  in- 
tensity distribution  and  a  peak-searching 
routine  are  also  available.  The  prelimi- 
nary version  of  the  latter  routine  (Year 
Book  70,  pp.  269-275)  was  found  to  yield 
incorrect  positions  for  lines  with  low 
peak-to-background  ratios,  and  it  has 
been  discarded  in  favor  of  a  procedure 
devised  by  Chodos  and  Albee  (1971). 
The  routines  described  above  are  avail- 
able to  all  users  of  the  system;  they  are 
most  frequently  used,  however,  in  the 
development  and  testing  of  programs  or 
operating  procedures. 

Three  programs  have  been  written  for 
chemical  analysis.  The  first  is  a  low- 
concentration  detectability  program  writ- 
ten in  BASIC.  This  program  uses  the  ob- 
served variance  of  a  set  of  measurements 
to  estimate  the  significance  of  a  small 
concentration  (Ziebold,  1966). 

The  assembly  language  system  includes 
two  programs  for  chemical  analysis.  The 
first  of  these  performs  a  qualitative  or 
semi-quantitative  analysis  of  a  sample. 
The  elements  to  be  measured  and  all 
pertinent  details  of  the  analysis  are  input 
from  a  paper  tape  and  thus  may  be  easily 
changed  without  rewriting  the  program. 
The  X-ray  intensity  for  each  element  is 
counted  for  10  seconds,  and  the  results 
are  printed.  A  19-element  analysis  re- 
quires about  2  minutes  to  complete. 

After  the  qualitative  chemistry  for  a 
sample  is  known,  more  accurate  informa- 
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tion  may  be  obtained  using  the  quantita- 
tive analysis  program.*  This  routine  con- 
trols the  measurement  of  X-ray  inten- 
sities, computes  elementary  statistics  for 
the  standard  and  unknown,  and  calcu- 
lates and  prints  the  initial  composition 
for  the  unknown.  The  program  includes 
provision  to  correct  the  analysis  for 
matrix  effects,  using  the  method  of  Bence 
and  Albee  (1968)  with  the  coefficients  of 
Albee  and  Ray  (1970)  as  modified  by 
Chodos  (personal  communication).  These 
results  are  then  used  to  calculate  a  min- 
eral formula.  The  program  is  flexible,  so 
that  the  user  can  control  many  details  of 
the  analysis.  For  example,  the  elements 
measured,  their  order  of  measurement, 
and  the  standards  used  are  completely 
specified  by  the  operator.  The  system 
also  includes  provision  for  editing  the 
list  of  elements  in  the  middle  of  an  ex- 
periment. This  provision  is  particularly 
useful  when  several  different  minerals 
from  a  given  sample  are  to  be  analyzed. 
Although  the  stability  of  the  instrument 
is  good  and  it  may  usually  be  operated 
for  periods  of  12  hours  or  more  without 
significant  change  in  the  count  rate  per 
unit  of  beam  current,  a  means  of  selec- 
tively remeasuring  standards  has  been  in- 
cluded to  handle  all  contingencies. 

One  of  the  major  difficulties  in  analyz- 
ing geologic  materials  is  caused  by  the 
complex  textures.  If  the  results  are  to 
have  any  meaning,  the  investigator  must 
personally  determine  the  point  of  analy- 
sis. Unfortunately,  the  trained  geologist 
may  lack  the  necessary  understanding  of 
the  instrument  and  this  may  compromise 
the  quality  of  the  results.  One  of  the 
fundamental  design  considerations  of  the 
automated  system  has  been  to  bridge  this 
gap.  The  details  of  the  operation  of  the 
instrument  have  been  transferred  to  the 
computer,  and  the  main  responsibilities 
of  the  operator  have  been  reduced  to 
spot  location  and  data  evaluation.   With 

*  A  more  detailed  description  of  this  program 
is  contained  in  the  operators'  manual,  which  is 
available  upon  request. 


these  changes  it  is  now  possible  for  any- 
one to  use  the  instrument  with  a  mini- 
mum of  training.  This  system  has  been 
operated  by  approximately  twenty  dif- 
ferent investigators  with  widely  varying 
skills  and  experience  in  microprobe  and 
computer  operation.  The  number  of  ele- 
ments analyzed  has  ranged  from  one  to 
twelve,  and  similar  variations  are  seen  in 
the  number  of  analyses  per  day,  but  an 
idea  of  the  production  rate  may  be  ob- 
tained by  averaging  over  a  four-month 
period.  The  system  produces  approxi- 
mately 1300  complete  spot  analyses  per 
month.  Although  this  is  a  significant  in- 
crease over  the  speed  of  a  manually  oper- 
ated instrument,  an  even  more  important 
benefit  is  the  immediate  availability  of 
the  corrected  results  and  mineral  formula. 
The  user's  petrologic  judgment  may  then 
be  used  to  determine  the  next  step  of  the 
experiment.  This  aspect  of  the  man- 
machine  interaction  is  extremely  valuable 
and  very  difficult  to  program. 

The  Uncertainty  in  the  Calculated 

Ferric  Iron  Content  of  a  Microprobe 

Analysis 

L.  W.  Finger 

One  of  the  uses  for  a  mineral  formula 
is  the  estimation  of  the  amount  of  ferric 
iron  required  for  a  particular  cation-to- 
anion  ratio.  If  the  result  of  this  calcula- 
tion is  to  be  useful,  a  means  of  estimating 
the  error  associated  with  the  ferric  iron 
content  must  be  available.  This  report 
describes  a  method  of  estimating  this 
error  and  the  uncertainties  associated 
with  the  coefficients  of  the  mineral 
formula. 

The  equation  employed  when  a  chemi- 
cal analysis  is  converted  to  a  mineral 
formula  and  normalized  to  a  given  num- 
ber of  cations,  N,  is  given  by 


Ni  =  N 


Cj/jWiPi) 
S(c,-/tO,-py) 


(1) 


where  Nt  is  the   number  of  cations  of 
species  i  per  formula  unit,  ct  is  the  weight 
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fraction  or  percentage  of  the  oxide  of 
element  i,  Wi  is  the  atomic  weight  of  the 
metal,  and  pt  is  the  ratio  of  the  molecular 
weight  of  the  oxide  to  the  weight  of  the 
metal  contained.  The  number  of  oxygens, 
N0,  associated  with  these  metals  is  given 
by 


No  =  ZiNiTi, 


(2) 


with  Ti  equal  to  the  number  of  oxygens 
per  metal  atom  for  oxide  i. 

The  general  formula  for  estimating  the 
uncertainty  associated  with  a  computed 
quantity  y  =  f(x1}  x2,  ■  • .  xn)  is  given  by 


=  22  (M. 

1 


J-  )  COV  (Xi,Xj). 

dxil  (3a) 


The  application  of  equation  3a  requires 
knowledge  of  the  covariances  of  the  sys- 
tem. Because  they  are  unknown,  it  is 
necessary  to  estimate  these  values.  Fol- 
lowing the  usual  conventions,  the  off- 
diagonal  elements  will  be  set  to  zero. 
Equation  3a  then  becomes 


n 
!jv  y 
u    =      £> 

i  =  l 


dX; 


(36) 


If  equation  36  is  used  to  estimate  the 
uncertainties  in  the  cation  amounts  cal- 
culated by  equation  1,  then 


aNi2   =  2y 


dNj 
dCj 


(4) 


Of  course,  in  equation  4  the  reasonable 
assumption  is  made  that  the  uncertainties 
in  atomic  weights,  etc.,  may  be  neglected. 
The  effects  of  any  systematic  errors  in 
the  analysis  have  also  been  neglected.  If 
equation  1  is  differentiated,  it  is  found 
that 


dNj 

dCj 


Nih 


NjNj 
Nci  ' 


(5) 


with  8{j  equal  to  1  if  i  equals  ;,  or  0 
otherwise.  Substituting  equation  5  into 
equation  4  gives 


QNi      = 


N*        2Ni3 


cf 


Nc, 


+ 


Nl 
N2 


N? 


(6) 


Equation  6  may  be  solved  for  the  esti- 
mated uncertainties  in  the  coefficients  of 
the  mineral  formula  once  the  uncertain- 
ties in  the  chemical  analysis  are  known. 
In  principle,  they  could  be  determined 
from  a  carefully  designed  set  of  experi- 
ments; however,  a  less  rigorous  result  is 
required  for  most  purposes. 

A  first  approximation  to  the  error  in  a 
microprobe  analysis  may  be  obtained  by 
assuming  that  the  error  is  proportional  to 
the  amount  present.  In  mathematical 
form 


==  wrc, 


(7) 


with  m  equal  to  the  fractional  error  in 
the  analysis.  If  equation  7  holds  for  all 
elements  in  the  analysis  and  m  is  con- 
stant, then  substituting  equation  7  into 
equation  6  results  in 


Wi  ~  mN  i 

N-  1  \y2 

1  -  2AT  +^S'^ 


(8) 


Equation  8  may  be  used  to  estimate  the 
uncertainties  in  the  coefficients  of  the 
formula. 

The  equation  for  the  amount  of  ferric 
iron  in  a  formula  is 

NFe3+  =   2(Na  -  No) 

=  2(JVa  -  Wjrd,     (9) 

with  Na  equal  to  the  number  of  anions 
per  formula  unit.   Equation  9  is  valid  if 

(a)  the  amounts  of  all  cations  are  known, 

(b)  iron  is  the  only  element  with  a  varia- 
ble valence  state,  (c)  oxygen  is  the  only 
anion  present,  and  (d)  there  are  no  sig- 
nificant deviations  from  stoichiometry. 

If  equation  36  is  used  to  estimate  the 
uncertainty  in  the  ferric  iron  content, 
then 
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TABLE  71.   Uncertainties  in  Formula  Coefficients  for 

Andalusite  Calculated  from  a  2%  Uncertainty 

in  the  Analysis 


Oxide      Wt  % 

Cations/Formula  Unit 

Uncertainty  (oj«) 

Si02         36.9 
AI2O3       62.4 
Fe203         0.30 

1.00 
1.99 
0.01 

3.00 

0.02 
0.02 
(0.0002)* 

Totals  99.6 

*  See  text  for  discussion  of  this  value. 


a^Fe3+2  £*  2 


dNF( 


-      'f:    ^r^Ni 


GNi 


(10) 


Substituting  equation  8  into  equation  10, 

aiVFe3+  =  2m  2 


r*Ni2  [1-2 


1 


N 


+  w"N*] 


(11) 


The  use  of  equation  8  for  an  analysis 
of  andalusite  (Finger  and  Prince,  else- 
where in  this  report)  is  shown  in  Table  71 
with  all  iron  present  assumed  to  be  ferric. 
The  formula  was  normalized  to  3  cations, 


and  this  calculation  yielded  the  expected 
stoichiometry.  The  estimated  uncertain- 
ties are  reasonable  for  Si  and  Al,  but  the 
value  for  Fe  is  clearly  too  small.  This 
result  is  caused  by  an  error  in  the  Fe 
value  much  larger  than  predicted  by 
equation  7  and  is  a  general  result  for 
minor  elements. 

Table  72  demonstrates  the  estimation 
of  the  amount  of  ferric  iron  in  an  unpub- 
lished chromite  analysis  by  F.  R.  Boyd. 
The  formula  has  been  normalized  to  3 
cations,  and  the  uncertainties  in  the  ca- 
tion amounts  have  been  calculated  using 
equation  8.  The  values  of  the  errors  for 
the  minor  elements  (Si,  Ti,  and  Mn)  have 
been  arbitrarily  set  to  0.001.  Although 
the  uncertainty  in  the  ferric  iron  content 


TABLE  72.   Estimation  of  Ferric  Iron  in  a  Chromite 


Oxide 


Wt  %* 


Formulaf 


Wt%J 


MgO 

14.3 

AI2O3 

13.8 

Si02 

0.39 

Ti02 

0.22 

Cr203 

36.0 

MnO 

0.25 

FeO 

32.1 

Fe203 

CaO 

<0.05 

0.684(12) 

14.3 

0.521(10) 

13.8 

0.012(1) 

0.39 

0.005(1) 

0.22 

0.911(15) 

36.0 

0.007(1) 

0.25 

0.860(14)  \  0.326(14) 
i  0.534(65) 

12.2 

22.2 

0.000 

<0.05 

Totals 


97.1 


99.4 


*  Probe  analysis:  All  iron  as  FeO. 

t  Cations  normalized  to  3  per  formula  unit.  The  number  in  parentheses  is  the  estimated  stand- 
ard deviation  of  the  last  digit  given  with  a  2%  error  in  the  amount  of  the  oxides  assumed.  The 
Fe3+  in  the  third  column  is  the  amount  required  for  stoichiometry. 

t  Results  corrected  for  ferric  iron  required  by  formula  in  column  3. 
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is  large  (±0.065  atom  per  formula  unit) , 
the  value  is  many  times  its  estimated 
standard  deviation. 

The  usefulness  of  this  method  of  ferric 
iron  determination  may  be  shown  by 
comparing  it  with  the  other  available 
techniques.  Albee  and  Chodos  (1969) 
have  suggested  a  microprobe  method 
utilizing  the  relative  intensities  of  the 
Lp  and  La  emission  lines.  Although  the 
fundamental  assumptions  of  their  method 
are  less  restrictive,  the  radiations  in- 
volved have  long  wavelengths  and  are 
difficult  to  measure.  The  techniques  of 
Mossbauer  spectroscopy,  wet-chemical 
analysis,  and  oxygen  determination 
(Sharma  and  Clayton,  1964)  are  also 
sensitive  to  the  valence  state  of  the  iron ; 
however,  these  methods  require  a  rela- 
tively large  quantity  of  pure,  homo- 
geneous sample.  Although  the  result  ob- 
tained from  stoichiometry  is  imprecise, 
in  many  cases  it  is  the  only  conveniently 
available  means  of  estimating  the  ferric/ 
ferrous  ratio. 

New  Method  of  Determining  Liquidus 

Boundaries  with  Confirmation  of 

Incongruent  Melting  of  Diopside 

and   Existence  of   Iron-Free 

PlGEONITE   AT    1    ATM 
/.  Kushiro 

Direct  determination  of  liquidus 
boundaries  with  the  use  of  microprobe 
analysis  has  been  successfully  made  in 
the  petrologically  important  system  for- 
sterite  (Fo) -diopside  (Di) -silica  at  1 
atm.  In  addition,  microprobe  analysis  has 
confirmed  the  incongruent  melting  of  pure 
diopside,  Si  deficiency  in  diopside  solid 
solution  (Diss) ,  the  existence  of  iron-free 
pigeon ite  (Pi)  on  the  join  Di-enstatite 
(En) ,  and  the  nonbinary  nature  of  the 
joins  Fo-Di  and  Di-silica. 

Liquidus  boundaries  in  synthetic  sili- 
cate systems  have  been  determined 
mostly  by  the  "quenching  method" 
(Bowen,  1912).  This  method  requires  a 
relatively  large  number  of  starting  mate- 


rials as  well  as  a  number  of  runs  for  ac- 
curate determination  of  the  liquidus 
boundaries.  Direct  determination  of  the 
liquidus  boundaries  with  fewer  starting 
materials  and  runs  is  possible  by  micro- 
probe analysis  of  the  glass  (quenched 
liquid)  coexisting  with  more  than  two 
different  solid  phases.  This  method  is 
applied  to  the  system  Fo-Di-silica  at  1 
atm,  which  has  been  studied  by  Bowen 
(1914),  Schairer  and  Yoder  (Year  Book 

61,  pp.  75-82) ,  Boyd  and  Schairer  (1964) , 
and  Kushiro  and  Schairer   {Year  Book 

62,  pp.  95-103).  Twenty-two  run  prod- 
ucts were  selected  from  among  the  runs 
made  by  these  investigators,  and  the 
glass  and  coexisting  crystals  have  been 
analyzed  on  the  Material  Analysis  Com- 
pany microprobe  by  the  method  and  cor- 
rection procedures  described  by  Boyd 
{Year  Book  66,  pp.  327-334) ,  Finger  and 
Hadidiacos  ( Year  Book  70,  pp.  269-275) , 
and  Bence  and  Albee  (1968). 

The  results  of  the  analysis  are  shown 
in  Fig.  143.  The  glass  in  these'run  prod- 
ucts is  very  homogeneous,  and  the  analy- 
ses of  different  parts  of  the  glass  in  each 
run  product  give  almost  identical  com- 
positions. The  location  of  the  new 
liquidus  boundaries  between  pyroxenes 
and  the  silica  mineral  is  identical  with 
that  determined  by  the  previous  investi- 
gators; the  boundaries  between  forsterite 
solid  solution  (Foss)  and  pyroxenes  de- 
termined by  the  present  method,  however, 
are  located  slightly  to  the  silica  side  of 
those  determined  previously.  This  dif- 
ference may  be  due  to  the  difficulty  of 
finding  a  very  small  amount  of  forsterite 
that  might  have  settled  at  the  bottom  of 
the  containers  in  some  of  the  critical  runs 
made  in  the  previous  experiments  on  the 
mixtures  just  inside  the  true  forsterite 
field.  By  careful  microscopic  examina- 
tion, forsterite  crystals  have  actually 
been  found  in  at  least  one  such  critical 
run. 

The  isobaric  (1  atm)  invariant  point 
Foss  +  Diss  +  Pi  +  L  (liquid)  has  been 
precisely  determined  by  analyzing  glass 
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Ca  M^SijOg 

F°ss+Diss+Ak  +  L, 


D'ss+Woss+Tr  +  L 


Mg2Si04 


Weight  per  cent 


Fig.  143.  Liquidus  boundaries  in  the  system  Fo-Di-silica  at  1  atm  determined  by  microprobe 
analysis.  Dashed  boundaries  are  based  on  Bowen  (1914),  Schairer  and  Yoder  (Year  Book  61,  pp. 
75-82),  and  Kushiro  and  Schairer  (Year  Book  62,  pp.  95-103). 


coexisting  with  Foss,  Diss,  and  Pi,  as 
shown  in  Fig.  143.  Another  isobaric  in- 
variant point,  Diss  -+-  Pi  +  Tr  (tridymite) 
+  L,  also  a  reaction  point,  has  been 
determined. 

The  liquids  that  are  formed  on  the  join 
Fo-Di  at  temperatures  just  above  the 
solidus  (1388.5°  and  1384°C)  and  coexist 
with  Foss  and  Diss  have  compositions  out- 
side the  system  Fo-Di-Si02  and  have  the 
akermanite  component  (Fig.  143) .  This 
fact  indicates  that  the  join  Fo-Di  is  not 
binary  and  is  not  a  thermal  barrier  as 
suggested  previously  (Kushiro  and 
Schairer,  Year  Book  62,  pp.  95-103).  The 


liquids  formed  on  the  join  Di-silica  just 
above  the  solidus  (1367°  and  1365  °C) 
also  lie  outside  the  system  Fo-Di-silica 
and  have  excess  wollastonite  component 
(Fig.  143),  indicating  that  this  join  also 
is  not  binary  and  is  not  a  thermal  barrier. 
The  pyroxene  solid  solutions  have  been 
analyzed  with  the  microprobe.  The  re- 
sults are  shown  in  Fig.  144,  most  of  which 
is  based  on  Boyd  and  Schairer  (1964). 
Two  different  Ca-poor  pyroxenes  are 
found  to  exist  in  the  En-rich  portion  of 
the  join  Di-En,  one  a  low-Ca  member  and 
the  other  a  relatively  high-Ca  member. 
They  have  different  solid  solution  ranges 
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Weight  per  cent 


2^6 


Fig.  144.    Revised  equilibrium  diagram  of  the  join  MgSi03-CaMgSi206  at  1  atm.   Original  dia- 
gram by  Boyd  and  Schairer  (1964). 


(Fig.  144).  The  former  always  shows  a 
number  of  cracks,  reported  by  Boyd  and 
Schairer  (1964)  in  the  inverted  protoen- 
statite,  whereas  the  latter  does  not  show 
such  cracks.  Recently,  Yang  (1971) 
identified  orthorhombic  and  monoclinic 


Ca-poor  pyroxenes  on  this  join  at  1  atm 
by  interfacial  angle  measurement.  The 
compositional  ranges  of  these  ortho- 
rhombic  and  monoclinic  Ca-poor  pyrox- 
enes given  by  Yang  are  nearly  the  same 
as  those  of  the  low-Ca  and  relatively 


1400- 


1390 


1380 


1370 


40 
MgSi03- 


10  CaMgSi206  10 

— >-CaSi03 


30  20 

Weight  per  cent 
Fig.  145.   Liquidus-solidus  relations  near  Di  composition  on  the  join  CaSi03-MgSi03  at  1  atm. 
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high-Ca  members,  respectively.  It  is  pre- 
sumed that  the  former  Ca-poor  pyroxene 
is  protoenstatite  solid  solution  (now  in- 
verted to  clinoenstatite  solid  solution), 
and  the  latter  is  an  "iron-free  pigeonite," 
like  that  synthesized  by  Kushiro  (Year 
Book  67,  pp.  80-83)  and  Kushiro  and 
Yoder   [Year  Book  68,  pp.  226-229)   at 


pressures  between  10  and  20  kb.  The 
temperature  of  the  lower  stability  limit  of 
the  Pi  field  could  be  higher  (i.e.,  < — 
1300 °C)  than  that  shown  in  Fig.  144,  if 
the  stability  field  of  the  Pi  field  at  high 
pressures  given  by  Kushiro  and  Yoder 
(Year  Book  68,  pp.  226-229)  is  extra- 
polated linearly  to  1  atm.    The  liquidus 


CaSi03 


1390+2^ 


M^SiO^ 


MgSi03 


Si02 


Fig.  146.  Probable  range  of  Diss  at  1390°  ±  2°C  (shaded  area)  and  about  1350°C  (area  sur- 
rounded by  dashed  lines)  with  tie  lines  between  coexisting  Diss  and  liquid  at  1390°  ±  2°C  (dotted 
lines).  Solid  circles,  Di99;  open  circles,  liquids.  There  must  be  a  maximum  on  the  liquidus  sur- 
face near  the  middle  of  the  shaded  area. 
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boundary  between  Prss  and  Pi,  based  on 
the  new  results  on  the  join  Di-En  and 
optical  examination  of  the  run  products 
in  the  system  Fo-Di-silica,  is  shown  in 
Fig.  143. 

Microprobe  analysis  has  also  been 
made  on  Diss  formed  from  mixtures  of 
the  compositions  Di80En2o,  DigsEn^, 
Di90Enio,  and  pure  diopside.  The  results 
are  shown  in  Fig.  145.  The  liquid  and 
Diss  formed  from  pure  Di  at  1390  °C  have 
compositions  more  Di-rich  and  less  Di- 
rich  than  the  diopside  composition,  re- 
spectively (Fig.  145),  indicating  incon- 
gruent  melting  of  the  pure  diopside  com- 
position. This  possibility  has  been  sug- 
gested by  Biggar  and  O'Hara  (19696). 
All  other  Diss  on  the  join  Di-En  also 
melt  incongruently  (Fig.  145).  The  anal- 
yses further  show  that  these  Diss  formed 
near  liquidus  temperatures  do  not  lie  on 
the  join  Di-En  but  between  the  joins  Di- 
En  and  Fo-Di;  that  is,  they  have  defi- 
cient Si  and  excess  Mg  over  stoichio- 
metric pyroxene  compositions.  On  the 
other  hand,  the  liquids  formed  from  the 
compositions  between  Di  and  Di8oEn2o 
have  compositions  lying  to  the  silica  side 
of  the  join  Di-En,  as  shown  in  Fig.  146. 

The  "melting  point"  of  pure  diopside 
(1391.2°  ±  1.5°C;  Day  and  Sosman, 
1910)  has  been  used  as  a  reference  point 
or  a  secondary  standard  in  many  experi- 
mental studies.  Although  diopside  is  not 
an  ideal  temperature  standard  because  of 
its  incongruent  melting  behavior,  the 
liquidus  temperature  for  pure  diopside 
composition  may  be  used  as  a  reference 
point. 

57Fe  Mossbauer  Experiments 
D.  Virgo 

During  the  past  year  equipment  has 
been  set  up  for  conducting  57Fe  Moss- 
bauer experiments.  This  technique  is 
useful  for  determining  site  populations  of 
iron  in  distinct  crystal  sites.  Two  other 
properties  are  also  measured — the  isomer 
shift,  which  is  proportional  to  the  elec- 


tron density  at  the  nucleus,  and  the  quad- 
ruple splitting,  which  depends  on  the 
electric-field  gradient  at  the  nucleus.  In- 
formation is  thus  obtained  on  the  oxida- 
tion state  of  iron,  ionicity  of  the  chemical 
bond,  and  geometric  properties  of  the  iron 
coordination  sphere. 

The  apparatus  consists  of  a  Canberra 
1024  multichannel  analyzer,  operated  in 
the  time  mode  with  an  Elron  velocity  gen- 
erator delivering  a  constant  acceleration 
mode  to  the  source.  The  velocity  wave 
form  was  a  symmetrical,  triangular  shape 
with  peak  velocities  of  about  ±4  mm/sec 
for  most  spectra.  The  gamma-ray  source 
was  moved  with  respect  to  the  fixed  ab- 
sorber with  an  amplitude  of  less  than  0.1 
mm,  which  was  controlled  with  external 
"dwell"-time  per  channel  of  approxi- 
mately 70  jusec.  The  source-absorber  dis- 
tance was  generally  5  inches.  Solid-angle 
effects  were  tested  by  use  of  two  differ- 
ent absorber  disks  having  1-  and  0.5-inch 
diameters.  Some  adjustments  were  made 
with  the  external  dwelltime  to  reduce  the 
solid-angle  effect.  The  source  was  20 
mc  57Co  diffused  into  a  palladium  disk  of 
%-inch  diameter.  The  absorbers  con- 
tained 1-5  mg  natural  Fe/sq  cm  and 
were  prepared  with  a  binder  of  Lucite. 
The  sample  is  homogenized  with  Lucite, 
heated  at  120°C,  and  then  compressed  to 
a  disk  of  ^-inch  diameter. 

Experiments  with  the  absorber  held  at 
liquid  nitrogen  temperature  were  made  in 
a  vacuum  cryostat  constructed  here.  The 
sample  is  tightly  gripped  between  two  Cu 
disks  held  in  the  "cold  finger"  of  the 
cryostat.  The  jacket  surrounding  the 
sample  is  evacuated  to  a  pressure  of 
<-- 40~7  with  a  Vecco  11-liter/sec  ion 
pump.  In  this  way,  vibrations  from  the 
pumping  system  to  the  cryostat  are  mini- 
mized compared  with  those  of  previous 
low-temperature  equipment  (Hafner  and 
Virgo,  1970).  Experiments  were  run  over 
a  24-hour  period,  and  approximately  1-3 
X  105  counts  per  channel  were  accumu- 
lated. All  spectra,  taken  at  room  tem- 
perature, were  calibrated  with  a  metallic 
iron  absorber  0.005  inch  thick.    The  full 
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widths  at  half-peak  height  of  the  iron  foil 
were  approximately  0.22  mm/sec  for  the 
two  inner  peaks  and  approximately 
0.23-0.24  mm/sec  for  the  two  outer 
peaks. 

The  component  peaks  of  the  spectra 
were  fitted  by  a  least-squares  method 
using  the  raw  analyzer  data  and  assuming 
Lorentzian  line  shape  with  one  variable 
for  the  off-resonance  count  rate  ("back- 
ground") and  three  variables  for  each 
Lorentzian.  This  computer  technique  was 
adapted  to  the  computer  facilities  at  the 
Laboratory  with  the  generous  help  of 
L.  W.  Finger.  Because  of  the  shape  of  the 
velocity  wave  form,  two  simultaneous 
mirror-image  spectra  were  generated,  and 
the  "left"  and  "right"  sides  (512  chan- 
nels) were  independently  fitted.  Final 
hyperfine  parameters  are  the  average  of 
both  sides  of  the  velocity  wave  form.  The 
spectra  are  computer-plotted  using  the 
accumulated  data  counts.  In  each 
case  the  solid  line  in  the  spectra  is  the 
computer-fitted  line. 

Also  constructed  during  the  past  year 
was  a  high-vacuum  platinum  furnace 
operable  to  < — 1200°C  for  high-tempera- 
ture Mossbauer  experiments.  Samples 
can  be  evacuated  to  approximately  10"8 
mm  Hg  using  the  11-liter/sec  ion  pump. 
The  furnace  incorporates  Fe-free  beryl- 
lium windows.  Samples  are  also  mounted 
on  a  beryllium  disk.  The  furnace  is  water 
cooled  and  mounted  for  use  with  the 
velocity  transducer  in  the  vertical  posi- 
tion. A  jig  for  high-pressure  Mossbauer 
experiments  is  under  construction. 

Apparatus  for  the  Measurement  of 

Crystal-Field  Spectra  of 

Single  Crystals* 

P.  M.  Bell  and  H.  K.  Mao 

A  system  capable  of  high  resolution  in 
the  ultraviolet  to   near  infrared  region 

*  Most  of  the  elements  of  the  apparatus  were 
obtained  under  National  Science  Foundation 
grant  GA  22707;  supplementary  support  was 
supplied  by  National  Aeronautics  and  Space 
Administration  grant  NGL-09-140-012. 


(0.3-3  jum)  has  been  developed  for  the 
study  of  small  single  grains  (minimum 
size:  30  jam  diameter).  The  same  appa- 
ratus is  employed  for  high-pressure  meas- 
urements, some  of  which  were  described 
last  year  {Year  Book  70)  and  some  of 
which  are  described  elsewhere  in  this 
report  (Bell  and  Mao).  A  Cary  17-1 
spectrometer  with  special  optical  ele- 
ments is  used  with  matched  polarizing 
prisms,  a  condensing  lens  train,  and  a 
pair  of  Leitz  microscopes.  The  entire 
optical  and  slit  system  requires  adjust- 
ments of  the  focal  plan  that  are  now  rou- 
tinely established  in  this  study.  Accuracy 
of  the  measurements  of  band  energy,  in- 
tensity, and  resolution  depends  strongly 
on  these  adjustments. 

An  image  from  the  tungsten-halogen 
source  is  diffracted  through  a  system  of 
prisms  and  gratings  and  is  guided  through 
a  three-stage  slit  system  in  the  Cary  17-1 
instrument.  The  main  diffraction  grating 
is  fabricated  with  a  blaze  angle  at  750 
nm,  and  the  slits  and  optical  elements 
(made  from  Infrasil)  are  curved.  The 
design  optimizes  resolution  in  the  near 
infrared  region.  Figure  147  shows  the 
path  of  the  beam  as  it  emerges  from  the 
exit  slit  through  a  chopping  mirror. 
Then  the  beam  is  split  into  two  channels, 
each  containing  a  matched  Lambrecht- 
Glan  polarizing  prism  and  a  condensing 
lens  system.  The  beams  pass  through 
microscopes  for  reference  and  sample, 
finally  emerging  at  the  viewing  ocular  or 
a  mirror  system  where  they  impinge  on 
a  single  detector.  The  detector  response 
is  timed  with  the  chopping  mirror,  and 
the  two  beams  can  be  compared,  sub- 
tracted, inverted,  or  analyzed  singly. 
Detection  is  obtained  with  a  photomulti- 
plier  (for  use  in  the  visible  region)  or 
with  a  lead-sulfide  crystal  that  acts  as  a 
photodiode  (for  use  in  the  near  infrared 
region). 

It  is  convenient  to  focus  the  lens  sys- 
tem on  the  exit  slits  because  they  can  be 
adjusted  automatically  or  manually  to 
control  the  effective  image.  The  spec- 
trometer can  be  set  for  a  visible  wave- 
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Fig.  147.  Block  diagram  of  apparatus  for  measuring  crystal-field  spectra.  (1)  Tungsten-halogen 
light  source,  (2)  prism-grating  primary  and  intermediate  slit  system  of  Cary  17-1  spectrophotom- 
eter, (3)  exit  slit,  (4)  beam  chopper  and  curved  mirrors,  (5)  Glan  rotatable  polarizing  prisms,  (6) 
auxiliary  focusing  lens  system,  (7)  mirror,  (8)  condensing  lens,  (9)  sample,  (10)  reference,  (11) 
objective  lens,  (12)  half  mirror,  (13)  Polaroid  analyzer,  (14)  viewing  ocular,  (15)  substage  adjust- 
ment (employs  dial  micrometer  gauge),  (16)  stage  adjustment,  (17)  photomultiplier  tube,  (18) 
PbS  solid  state  detector: 


length,  and  the  system  adjusted  so  that 
the  image  of  the  slits  falls  within  a  se- 
lected part  of  the  sample  grain.  When 
the  instrument  scans  into  the  near  in- 
frared, however,  the  image  becomes  de- 
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Fig.  148.  The  change  of  length  of  the  focused 
image  of  the  exit  slit  system  as  a  function  of 
wavelength. 


Fig.  149.  The  change  in  focal  distance  of  the 
substage  condensing  lens  system,  required  to 
maintain  a  focused  image,  as  a  function  of 
wavelength. 
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focused  because  of  chromatic  aberrations. 
To  determine  the  actual  defocusing,  a 
square  image,  50  fim.  on  a  side,  was  first 
focused  at  500  nm,  and  then  the  wave- 
length was  increased  by  manual  adjust- 
ment of  the  spectrometer.  A  mask  with  a 
round  hole  of  5  jj,m  diameter  was  used  to 
map  the  size  of  the  image.  Figure  148 
shows  a  plot  of  measurements  of  the 
image  length  at  various  wavelengths.  In 


the  range  400-2000  nm  the  length  of  the 
image  has  increased  by  a  factor  of  3. 

Defocusing  of  the  image  causes  errors 
by  broadening  and  shifting  of  absorption. 
An  enlarged  beam  might  impinge  on  un- 
desired  areas  of  the  sample  mount  or 
perhaps  might  be  lost  entirely. 

A  micrometer  dial  gauge  is  employed 
with  adjustments  of  the  microscope  sub- 
stage  condensing  lens  to  refocus.  Changes 
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Fig.  150.  Comparison  of  raw  data  with  plotted  spectra.  The  large  peaks  are  the  raw  data  of 
14306,46  pigeonite  spectra.  The  small  insert  is  the  same  peak  (at  506  nm)  after  plotting.  The 
complete  spectra  are  shown  in  Fig.  75. 
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in  the  focal  distance  required  to  maintain 
an  image  50  X  50  ju.m  square  in  focus  are 
plotted  as  a  function  of  wavelength  in 
Fig.  149.  The  corrections  were  established 
by  using  the  mapping  procedure  de- 
scribed above. 

Other  special  calibrations,  such  as  cor- 
rections for  base  line,  are  routinely  made 
but  must  be  redone  for  every  sample.  The 
base  line  varies  with  surface  scattering 
and  thickness  of  the  sample  and  with  in- 
strumental factors  of  the  source  and  slit 
system.  It  is  necessary  to  compensate 
for  these  electronically  within  the  spec- 
trometer and  physically  by  matching  the 
reference  channel. 

A  crude  crystal  fragment  is  first 
mounted  on  a  spindle  stage  and  trans- 
ferred to  a  suitable  orientation  under  the 
microscope,  following  the  interference 
phenomena  of  the  optical  directions  (Wil- 
cox, 1959;  Chao  and  Minkin,  1970).  Im- 
mersion oil  is  used  to  reduce  the  surface 
absorption.  As  a  second  step,  the  crystal 
is  polished  on  both  sides  in  an  oriented 
position  so  that  the  absorption  coefficients 
(absorption  per  unit  thickness,  cm"1)  can 
be  measured.  The  same  mount  is  used  for 
electron  microprobe  analysis. 

The  benefits  of  following  the  calibra- 
tion procedure  can  be  appreciated  by 
noting  that  even  small  absorption  varia- 
tions, which  appear  in  reduced  data  plots 
as  "bumps"  or  "background  noise,"  are 
actually  absorption  bands.  Figure  150 
shows  a  small  band,  both  as  a  raw  signal 
from  the  instrument  and  as  a  reduced  plot 
insert  from  Fig.  76.  The  sensitivity  and 
resolution  of  the  system  are  maximized 
(1  cm-1),  and  the  energy  and  intensity 
are  precise  to  ±0.4  nm.  With  the  pres- 
ent precision  and  resolution,  we  can  ac- 
curately locate  strong  absorption  bands, 
resolve  and  distinguish  weak  doublet  or 
triplet  bands,  measure  small  shifts  of 
bands  with  pressure,  and  determine 
quantitatively  the  amount  of  the  transi- 
tion element  causing  an  absorption  band, 
as  demonstrated  in  other  reports  of  op- 
tical absorption  spectra  in  this  Year 
Book. 


A  Simple  Subboiling  Still  for 
Preparing  Ultrapure  Water 

A.  Hofmann  and  J.  M.  Mattinson 

The  principle  of  subboiling  distillation 
by  surface  evaporation  used  in  the  two- 
bottle  still  of  Mattinson  ( Year  Book  70) 
is  superior  to  conventional  boiling  distil- 
lation because  impurity  transfer  by  bub- 
ble entrainment  is  eliminated  (see  also 
Hughes,  Miirau,  and  Gundersen,  1971). 
The  same  principle  was  applied  to  the 
design  of  a  Pyrex  still  that  can  be  fed 
continuously  and  that  produces  about  2 
liters  of  water  per  day,  with  impurity 
levels  comparable  to  those  achieved  by 
far  more  elaborate  and  expensive  silica- 
glass  stills. 

There  are  five  potential  sources  of  con- 
tamination in  distillation  processes:  (1) 
entrainment,  (2)  film  creep  of  unpurified 
liquid  along  the  walls  of  the  distilling 
vessel  into  the  condensate,  (3)  direct 
vapor  transfer  of  contaminant,  (4)  leach- 
ing of  impurities  from  the  walls  of  the 
condensation  device,  and  (5)  contamina- 
tion introduced  after  distillation.  Because 
of  the  leaching  problem,  many  geochemi- 
cal  laboratories  employ  expensive  and 
elaborate  stills  made  of  silica  glass.  This 
study  shows  that  ultrapure  water  of  com- 
parable quality  (see  Table  73)  can  be 
made  using  an  extremely  simple  and  in- 
expensive Pyrex  still  that  eliminates  or 
reduces  the  other  four  sources  of  contami- 
nation. Subboiling  surface  evaporation 
eliminates  entrainment  because  there  are 
no  bursting  bubbles,  and  it  reduces  po- 
tential vapor  transfer  because  of  the 
lower  temperature  of  evaporation.  Ex- 
ternally mounted  infrared  lamps  (see  Fig. 
151)  also  heat  the  walls  of  the  vessel 
above  the  water  level  so  that  film  creep  is 
reduced  or  eliminated.  The  condensation 
water  drips  from  a  cold  finger  into  an 
internally  mounted  collector  funnel  that 
leads  directly  to  a  storage  tank  with  little 
or  no  access  to  airborne  dust. 

The  still  shown  on  Fig.  151  was  made 
by  fusing  a  25  X  250  mm  test  tube  into 
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TABLE  73.  K,  Rb,  and  Sr  Concentrations  in  Distilled  Water,  in  ppb  (ng/g) 


DTMf 

Geophysical  Lab. 

NBS* 

Silica  Glass 

Pyrex  Glass 

Element 

Silica  Glass 

(S.  R.  Hart, 

(A.  Hofmann, 

analyst) 

analyst) 

K 

0.09 

0.09 

0.20 
0.27 

Rb 

n.d. 

0.0002 

0.0006 

Sr 

0.002 

0.002 

0.0012 
0.0023 

*  National  Bureau  of  Standards  (1972). 

t  Department  of  Terrestrial  Magnetism  (S.  R.  Hart,  personal  communication). 


the  tip  of  a  2-liter  "leveling  bulb."  A 
three-hole  rubber  stopper  provides  closure 
and  feed-through  for  three  Pyrex  tubes 
at  the  bottom.  Predistilled  water  (made 
by  fast-boiling  distillation  on  a  Bellco* 
glass  still)  is  fed  into  the  still  from  a 
reservoir  via  a  constant  level  device  (see 
Burrhus  and  Hart,  1972).  The  feed 
reservoir  can  be  refilled  without  inter- 
rupting the  operation  of  the  still. 

The  results  of  the  water  analyses, 
made  by  isotope  dilution,  are  given  in 
Table  73.  For  comparison,  values  ob- 
tained by  S.  R.  Hart  (personal  communi- 
cation, 1972)  and  by  the  National  Bureau 
of  Standards  (1972)  for  water  prepared 

*  Bellco  Glass  Inc.,  Vineland,  New  Jersey. 


Cooling  water 


Air-tight 
closure 


Storage  tank 

Fig.  151.    Apparatus  for  subboiling  distillation. 


by  subboiling  distillation  in  silica  glass 
are  also  listed.  On  the  basis  of  this  ad- 
mittedly limited  comparison,  the  advan- 
tages of  silica  glass  for  distillation  of 
water  in  this  type  of  still  appear  to  be 
marginal  at  best.  The  results  show  that 
very  high  purity  levels  can  be  achieved 
with  a  simple,  inexpensive  (less  than  $10) 
Pyrex  still. 

A  Method  for  Measuring  Variations 

in  the  isotopic  composition  of 

Potassium 

A.  Hojmann 

Diffusive  migration  of  atoms  gives  rise 
to  isotopic  fractionation.  This  effect 
promises  to  be  a  valuable  geochemical 
tool  for  detecting  metasomatic  migration 
if  the  isotopic  separation  is  large  enough 
for  measurement.  Recent  work  by 
Schreiner  and  Welke  (1971)  and  by  Ver- 
beek  and  Schreiner  (1967)  on  metaso- 
matically  altered  contacts  and  inclusions 
indicates  systematic  changes  in  the  K39/ 
K41  ratio  of  several  percent.  A  convinc- 
ing demonstration  of  natural  isotopic 
variations  (excluding  those  caused  by 
radioactive  decay)  by  solid-source  mass 
spectrometry  is  difficult  unless  the  meas- 
ured isotope  ratios  can  be  corrected  for 
isotopic  fractionation  that  occurs  during 
the  measurement.  The  use  of  internal 
isotopic  standards  ("double  spiking")  to 
correct  for  instrument  fractionation  is 
now  well  established,  but  in  its  conven- 
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tional  form  it  is  applicable  only  to  ele- 
ments comprising  at  least  four  isotopes. 
Hofmann  (1971)  has  given  two  methods 
for  correcting  mass  spectrometric  frac- 
tionation for  three-isotope  elements.  The 
first  method  employed  a  so-called  critical 
mixture  of  spike  and  sample  (i.e.,  that 
mixture  whose  fractionation  pattern  coin- 
cides with  the  locus  of  possible  isotopic 
compositions  for  arbitrary  mixtures  of 
the  given  spike  and  sample) .  The  second 
method  made  use  of  an  independently 
determined  weight  ratio  of  spike  and 
sample.  Both  methods  are,  in  principle, 
applicable  to  potassium,  but  neither  is 
practicable  for  detecting  natural  frac- 
tionation of  potassium  in  rock  samples. 
In  the  first  case,  because  of  the  extremely 
low  abundance  of  K40  (/ — -  0.0118  atomic 
%),  large  errors  arise  in  the  determina- 
tion of  the  K40/K41  ratio;  and  in  the 
second  case,  errors  in  the  measured 
weight  ratio  are  magnified  considerably, 
so  that  a  quantitative  potassium  analysis 
of  presently  unattainable  precision  would 


be  required.  One  way  around  this  diffi- 
culty is  to  prepare  two  different  mixtures 
of  the  sample  and  spike  solutions.  In 
this  case,  only  the  ratio  of  spike  enrich- 
ment in  the  two  mixtures  must  be  deter- 
mined independently  by  precise  weighing. 
Alternatively,  the  method  employing 
critical  mixtures  may  be  modified  by 
adding  K40  to  the  sample  before  the 
critical  mixture  is  prepared.  The  follow- 
ing discussion  gives  some  details  of  this 
method  and  presupposes  some  familiarity 
with  Hofmann's  (1971)  paper. 

The  measurement  is  accomplished  in 
three  steps: 

1.  The  approximate  potassium  concen- 
tration of  the  sample  is  determined  by 
X-ray  fluorescence  or  isotope  dilution  in 
order  to  prepare  the  appropriate  mixtures 
of  sample  and  spike  potassium  in  step  2. 

2.  A  mixture  of  sample  and  K40-en- 
riched  spike  is  prepared  (mixture  A),  and 
its  isotopic  composition  (with  unknown 
instrument  fractionation)  is  determined. 


ro 


Sample 


Spike 


6  Mix  B 

'    Critical  mixture 


Spike   2 

_l 


K40/K4I 

Fig.  152.  Isotopic  relationships  of  natural  potassium  mixed  with  two  different  potassium  spikes. 
Solid  lines:  loci  of  true  isotopic  compositions  of  mixtures  between  sample  and  spike  1  and  be- 
tween mix  A  and  spike  2.  Dashed  lines:  loci  of  fractionated  isotopic  compositions  of  sample, 
spikes,  and  mixtures.  All  measured  isotopic  compositions  fall  on  these  dashed  lines  because  of 
instrument  fractionation.   The  two  types  of  loci  coincide  at  the  critical  mixture  (mix  B). 
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3.  A  second,  critical  mixture  is  pre- 
pared (mixture  B)  by  adding  a  second 
spike,  nearly  pure  K41  with  a  small 
amount  of  K40,  to  mixture  A.  The  iso- 
topic  composition  of  mixture  B  (again 
with  unknown  instrument  fractionation) 
is  determined. 

The  overall  isotopic  relationships  are 
shown  in  Fig.  152.  The  purpose  of  pre- 
paring mixture  A  is  to  add  a  sufficient 
amount  of  K40  to  the  sample  so  that  the 
K40/K41  ratios  can  be  measured  pre- 
cisely. The  critical  mixture  B  has  the 
unique  property  that  the  fractionated 
isotopic  ratios  coincide  with  the  locus  of 
the  true  isotopic  ratios  of  all  mixtures  of 
spike  2  with  mix  A.  Thus  it  is  possible 
to  project  a  line  from  spike  2  through  the 
measured  ratios  of  mix  B  to  the  inter- 
section with  the  fractionated  line  of  mix 
A.  The  true  composition  of  the  sample  is 
then  obtained  by  projecting  from  spike  1 
through  mix  A  to  the  fractionation  line 
of  the  sample  itself.  Equations  for  com- 
puting the  isotopic  compositions  of  mix 
A  and  the  sample  from  the  measured, 
fractionated  isotope  ratios  have  been 
given  by  Hofmann  (1971). 

This  method  will  yield  the  true  isotopic 
composition  of  the  sample  if  the  true 
compositions  of  spike  1  and  spike  2  are 
known.  Otherwise,  all  the  measurements 
will  be  affected  by  an  unknown  but  con- 
stant fractionation  error.  The  error  mag- 
nification in  this  procedure  is  severe 
because  of  the  small  angle  of  intersection 
between  the  fractionation  line  through 
mix  A  and  the  projected  line  through 
spike  2  and  mix  B.  A  general  error  analy- 
sis has  not  been  made,  but  the  choice  of 
isotopic  compositions  shown  in  Fig.  152 
limits  the  error  magnification  factor  to 
less  than  10.  Another  source  of  error 
arises  from  the  fact  that  the  position  of 
the  true  critical  mixture  is  not  known 
until  the  fractionation  of  mix  A  has  been 
determined.  However,  any  error  in  the 
proportions  of  the  critical  mixture  (mix 
B)  is  strongly  demagnified.  Furthermore, 
the  correct  choice  of  the  critical  mixture 


can  be  verified  from  its  measured  isotope 
ratios  because  the  fractionation  line 
calculated  for  this  measured  composition 
must  go  through  the  point  representing 
the  isotopic  composition  of  spike  2. 

Gel  Preparation  in  the  System 
CaO-MgO-Al203-Cr203-Si02 

John  S.  Dickey,  Jr. 

In  the  course  of  an  experimental  study 
of  chromium-aluminum  partitioning  be- 
tween spinels  and  pyroxenes  (Dickey  and 
Yoder,  this  report)  it  was  necessary  to 
prepare  starting  materials  by  the  gel 
technique  (Roy,  1956;  Biggar  and 
O'Hara,  1969a).  The  quantitative  addi- 
tion of  chromium  to  silicate  gels  required 
the  following  new  procedure. 

For  each  bulk  composition  a  solution 
containing  measured  quantities  of  tetra- 
ethyl  orthosilicate  and  nitrates  of  Cr,  Al, 
Mg,  and  Ca  was  hydrolyzed  for  24  hours 
in  closed  polyethylene  bottles  and  then 
slowly  evaporated  at  50 °C  to  clear,  blue- 
green,  rubbery  gels.  The  nitrates  were 
then  decomposed  by  gentle  heating  in 
covered  porcelain  crucibles  over  a  low 
Bunsen  burner  flame.  The  nitrate  de- 
composition was  accompanied  by  oxida- 
tion of  the  chromium, 

Cr(N03)3:rH2O^Cr03  + 

3N02  f  +  zH20  f 

changing  the  color  of  the  gels  to  yel- 
low. Subsequent  reduction  of  the  chro- 
mium was  accomplished  by  heating  the 
ignited  residue  in  H2  gas  in  porcelain 
boats  below  600  °C  for  less  than  30  min- 
utes. The  green  solids  were  then  weighed, 
ground  in  a  dry  agate  mortar  for  10 
minutes,  and  stored  in  a  desiccator. 
Yields  were  100  ±  0.5%  of  the  intended 
amounts. 

Because  chromium  metal  is  insoluble 
in  nitric  acid,  reagent-grade  chromic 
nitrate  was  used  to  prepare  the  chromic 
nitrate  solution.  Chromic  nitrate  solu- 
tion was  standardized  by  gravimetric 
determination  of  chromium  as  BaCr04 
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(Hillebrand  et  al,  1953).  Simply  evap- 
orating an  aliquot  of  the  chromic  nitrate 
solution  to  dryness,  decomposing  the 
nitrate,  and  igniting  the  residue  to  Cr203 
is  not  satisfactory  because  of  chromium 
volatilization.  Chromium  volatilization, 
clearly  indicated  by  the  appearance  of 
a  green  stain  on  the  crucible  cover,  was 
not  observed  during  nitrate  decomposi- 
tion of  the  silicate  gels,  perhaps  owing  to 
complexing  of  chromium  with  the  con- 
stituents of  the  other  gels. 

The  gels  thus  formed  are  green  and 
optically  isotropic.  The  Al-rich  gels 
(A1203  >  22,  Cr203  <  10.5  wt  %)  are 
completely  amorphous  to  X  rays,  but 
weak  spinel  peaks  appear  in  diffraction 
patterns  of  Cr-rich  gels  (Cr203  >  17.5, 
A1203  <  17.5  wt  %).  These  spinels, 
which  were  apparently  formed  during  the 
H2-reduction  stage,  are  exceedingly  small 
(less  than  2  /mi).  In  short  (<  24  hours) 
subsolidus  experiments  they  may  persist 
as  cores  within  some  spinel  crystals. 
Nucleation  of  spinel  might  be  avoided 
entirely  by  conducting  the  H2  reduction 
below  300°C  and  increasing  the  heating 
time. 

The  Oxygen  Fugacity  within 

Graphite  Capsules  in  Piston-Cylinder 

Apparatus  at  High  Pressures 

R.  N .  Thompson  and  I.  Kushiro 

Graphite  capsules  are  convenient  sam- 
ple containers  to  use  in  solid-media 
piston-cylinder  apparatus,  especially  in 
studies  where  loss  of  iron  to  noble  metal 
sample  containers  would  be  undesirable. 
The  solid  phases  that  crystallize  from 
iron-bearing  systems  are  greatly  influ- 
enced by  the  oxygen  fugacity.  The  work 
reported  here  is  an  attempt  to  determine 
the  oxidation  state  of  iron  within  graphite 
capsules  in  the  temperature  range  of  in- 
terest for  studies  of  igneous  processes  at 
pressures  between  10  and  20  kb. 

Experiments  were  made  using  the 
"piston-out"  technique  (Boyd  et  al.,  Year 
Book  65,  pp.  410-414) .  The  starting  ma- 
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Fig.  153.  Results  of  experiments  on  the  as- 
semblage hematite  +  graphite  in  graphite 
capsules. 


terial  was  pure  hematite  (Fe203)  mixed 
with  about  10%  by  volume  of  pure 
graphite,  sufficient  to  insure  grain-to- 
grain  contact  at  high  pressure.  All  fur- 
nace parts  and  ceramics  were  dried  im- 
mediately before  an  experiment  by  heat- 
ing to  bright  red  in  an  oxygen-gas  torch. 
The  starting  material  within  the  graphite 
capsule  was  given  similar  treatment  for 
a  few  seconds. 

The  results  of  the  experiments  are 
summarized  in  Fig.  153.  Run  times 
varied  from  2  hours  at  950 °C  to  15  min- 
utes at  1600°C.  These  periods  were 
chosen  to  be  comparable  with  those  used 
during  melting  studies  of  igneous  rocks 
(e.g.,  Kushiro,  this  report;  Thompson, 
this  report)  and  were  sufficient  to  obtain 
complete  reaction,  except  near  the  mag- 
netite-wustite  phase  boundary.  It  ap- 
pears from  Fig.  153  that  over  most  of 
the  temperature  range  relevant  to  igne- 
ous petrology  in  the  pressure  range  from 
10  to  20  kb  the  graphite-oxygen  buffer 
lies  within  the  stability  field  of  wiistite 
in  the  system  Fe-C-O.   This  result  con- 
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firms  similar  conclusions  tentatively 
reached  by  Hensen  and  Green  (1971)  on 
the  basis  of  the  compositions  of  spinels 
crystallized  in  complex  iron-bearing 
systems. 

REACTION,  a  Fortran  IV  Computer 

Program  to  Balance  Chemical 

Reactions 

L.  W.  Finger  and  D.  M.  Burt 

In  multicomponent  geological  systems 
it  is  often  very  difficult  to  visualize  com- 
positional relations  and  to  predict  re- 
actions among  a  given  set  of  phases  and 
gas  or  ionic  species;  furthermore,  even 
when  a  reaction  is  known  to  be  possible, 
it  still  must  be  balanced  stoichio- 
metrically,  a  nontrivial  task  when  five 
or  more  components  are  involved.  Com- 
puter program  REACTION  (available 
upon  request)  was  designed  to  alleviate 
these  difficulties. 

For  a  given  set  of  phases  and  gas  or 
ionic  species,  the  program  determines  the 
integer  coefficients  of  all  possible  re- 
actions and  prints  them  in  descending 
order  of  degeneracy.  The  program  as- 
sumes a  fixed  composition  for  each  phase 
or  species  and  therefore  is  most  con- 
venient for  use  with  end-member  systems. 
Any  internally  consistent  set  of  com- 
ponents may  be  used. 

In  matrix  notation,  the  column  vector 
cj  represents  the  composition  of  phase  or 
species  ;'.  The  n  coefficients  of  this  vector 
are  the  molar  amounts  of  the  components. 
In  a  chemical  system,  there  will  be  m 
such  vectors,  one  for  each  phase  or 
species.  In  general,  reactions  can  be  cal- 
culated if  the  number  of  phases  or  species 
exceeds  the  number  of  components,  i.e., 
m  >  n.  The  phases  or  species  involved  in 
such  reactions  and  the  reaction  coeffi- 
cients may  be  found  by  solving  mass 
balance  equations  of  the  form 

A  n  —  cfc  =  0, 

where  A  is  an  n  X  n  matrix  with  each 
column  corresponding  to  one  of  the  com- 


positional vectors  cj,  and  n  is  the  vector 
of  reaction  coefficients.  A  given  phase 
may  occur  only  once  in  A  or  cfc.  If  A  is 
nonsingular  (its  inverse  exists),  then  the 
coefficients  of  the  reaction  involving  these 
phases  are  given  by 

n  =  A"1  ck. 

This  equation  describes  the  molar 
amounts  of  the  phases  represented  by 
A  reacting  to  form  one  mole  of  phase  k. 
If  A  is  singular,  the  phases  included  de- 
scribe a  subsystem.  By  permuting  the 
combinations  of  the  phases  chosen  in  the 
equation,  all  possible  reactions  may  be 
found  and  printed. 

If  this  procedure  is  applied  in  a 
"brute-force"  manner,  several  difficulties 
result.  The  reaction  coefficients  are  deci- 
mal fractions  that  are  difficult  to-  use. 
Degenerate  reactions  (those  that  involve 
subsystems  of  the  complete  system)  are 
printed  more  than  once  and  are  scattered 
throughout  the  print-out.  These  are  fairly 
trivial  problems;  however,  more  serious 
difficulties  may  arise.  For  instance,  the 
results  may  not  be  independent  of  the 
choice  of  components — reactions  may  be 
missed.  In  addition,  the  user  may  be 
swamped  with  thousands  of  reactions 
that  are  metastable  or  lack  interest  for 
some  other  reason.  Several  features  of 
the  program  have  been  devised  to  over- 
come these  problems.  All  reaction  coeffi- 
cients are  converted  to  the  set  of  integers 
with  no  common  factor,  and  the  reactions 
are  sorted  in  decreasing  degree  of  de- 
generacy, with  each  reaction  being 
printed  only  once.  Furthermore,  all  sub- 
systems of  the  components  are  calculated 
to  avoid  the  missing  of  reactions,  and 
reactions  involving  unstable  combina- 
tions of  phases  may  be  excluded  in  order 
to  reduce  the  total  number  of  reactions 
printed. 

Use  of  the  Program 

Although  this  program  has  not  yet  been 
used  extensively  and  not  all  methods  of 
usage  have  been  tried,  the  following  se- 
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quence  of  steps  has  been  successful  in 
several  cases:  (1)  A  chemical  system  is 
selected.  (2)  The  interesting  naturally 
occurring  minerals  that  lie  within  or  close 
to  this  system  are  listed,  with  their  com- 
positions idealized  to  lie  in  the  system. 
(3)  These  minerals  and  their  composi- 
tions are  used  as  input  to  program 
REACTION.  The  resulting  "reactions" 
consist  of  all  possible  compositional  re- 
lations among  the  minerals.  If  reactions 
involving  gaseous  or  ionic  species  are  not 
of  interest  in  the  system  selected,  this 
may  complete  the  problem.  However,  if 
dehydration  or  similar  reactions  are  in- 
volved, then  (4)  the  program  output  of 
compositional  relations  is  used  to  deter- 
mine the  combinations  of  minerals  that 
seem  to  be  incompatible  in  natural  oc- 
currences or  in  laboratory  experiments. 
(For  example,  in  the  well-understood 
system  Fe-Si-O,  the  combinations 
wiistite-quartz  [above  570 °C]  and  iron- 
magnetite-quartz    [below  570 °C]    never 


occur  stably — the  phases  always  react  to 
form  fayalite.  Any  reactions  involving 
these  combinations  are  therefore  un- 
stable). Relations  of  this  type  may  be 
used  to  exclude  all  reactions  involving 
unstable  combinations.  If  necessary,  ad- 
ditional exclusions  may  be  found  by 
repeating  steps  3  and  4.  (5)  After  all 
exclusions  involving  combinations  of 
two,  three,  four,  or  more  phases  have 
been  found,  the  interesting  gaseous  or 
ionic  species  are  included  as  program 
input  along  with  the  minerals  and  their 
incompatibility  relations  determined 
above,  and  the  program  is  run  again.  If 
steps  3  and  4  have  been  done  correctly, 
the  number  of  reactions  calculated  in 
step  5  will  be  reduced  to  a  manageable 
number. 

Results  of  Test  Problem 

As  a  demonstration  problem  illustrat- 
ing the  steps  involved  in  using  the  pro- 
gram,  the    system   MgO-Si02-C02-H20 


TABLE  74.  Test  Problem  Input 


MGO 

SI02            C02           H20 

FACIES 

4/15/72 

compose 

[TONS  (IN  MOLES)  OF  THE 

PHASES 

MGO 

SI02 

C02 

H20 

1 

PER 

1.000 

0.000 

0.000 

0.000 

2 

BRU 

1.000 

0.000 

0.000 

1.000 

3 

MGS 

1.000 

0.000 

1.000 

0.000 

4 

QTZ 

0.000 

1.000 

0.000 

0.000 

5 

SRP 

3.000 

2.000 

0.000 

2.000 

6 

TAL 

3.000 

4.000 

0.000 

1.000 

7 

ANT 

7.000 

8.000 

0.000 

1.000 

8 

ENS 

1.000 

1.000 

0.000 

0.000 

9 

FOR 

2.000 

1.000 

0.000 

0.000 

10 

H20 

0.000 

0.000 

0.000 

1.000 

11 

C02 

0.000 

0.000 

1.000 

0.000 

NUMBER 

NAMES  OF  INCOMPATIBLE 

PHASES 

1 

PER 

QTZ 

2 

PER 

SRP 

3 

PER 

TAL 

4 

PER 

ANT 

5 

PER 

ENS 

6 

BRU 

TAL 

7 

BRU 

ANT 

8 

BRU 

ENS 

9 

QTZ 

FOR 

10 

SRP 

ANT 

11 

SRP 

ENS 

12 

TAL 

ENS 
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has  been  selected.  The  minerals  of  inter- 
est along  with  their  abbreviations  and 
formulas  are  periclase,  PER,  MgO; 
brucite,  BRU,  Mg(OH)2;  magnesite, 
MGS,  MgC03;  quartz,  QTZ,  Si02;  ser- 
pentine, SRP,  Mg3Si205(OH)4;  talc, 
TAL,  Mg3Si4Oio(OH)2;  anthophyllite, 
ANT,  Mg7Si8022(OH)2;  enstatite,  ENS, 
MgSi03;  and  forsterite,  FOR,  Mg2Si04. 
In  addition,  the  gaseous  species  C02  and 
H20  are  of  interest.  If  this  system  is  run 


with  no  exclusions,  a  total  of  130  re- 
actions result.  This  is  not  an  unreason- 
able number,  but  it  can  be  reduced  by 
proper  use  of  the  exclusions.  When  the 
mineral  phases  alone  are  used  as  input 
to  the  program,  only  49  reactions  are 
printed.  The  reactions  involving  only 
two  components  are  the  following:  (a) 
PER  +  ENS  <^  FOR,  (b)  2  PER  + 
QTZ  <=>  FOR,  (c)  PER  +  QTZ  ?±  ENS, 
(d)  TAL  +  3  BRU  z±  2  SRP,  (e)  QTZ 


.HoO 


Qtz  «  Si02 

Ant/// 

For^V 

Srp  \ 

Per/       \\ 

Bru 
MgO                       H20 

QtZy, 

iSi02 

Ens/ 

For/\ 

Per/     X^ 

MgO        M9S       C02 

>  yaC02 


Fig.  154.   Schematic  mh2o-mco2  diagram  for  the  system  MgO-Si02-H20-C02,  based  on  Tables  74 
and  75.  Insets  show  mineral  compatibilities  in  the  subsystems  MgO-Si02-H20  and  MgO-Si02-C02. 
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+  FOR  ?±  2  ENS,  and  (f)  TAL  +  4 
ENS  5P*  ANT.  Each  reaction  above  has 
been  written  so  that  the  pair  on  the  left 
is  unstable  in  the  P-T  range  of  interest; 
therefore,  each  such  pair  constitutes  an 
exclusion.  When  the  system  is  rerun  with 
these  exclusions,  18  reactions  result. 
When  these  reactions  are  investigated,  an 
additional  7  incompatible  pairs  of  min- 
erals are  discovered.  The  final  step  is  to 
include  the  gaseous  species  with  the 
minerals  and  run  again.  This  time  the 
output  consists  of  a  very  manageable  30 
geologically  interesting  reactions.  The 
input  and  the  resulting  output  for  this 
problem  are  shown  in  Tables  74  and  75. 

Tables  74  and  75  can  be  used  to  con- 
struct a  schematic  /ah2o-aico2  (or  log 
/H2o-log  /co2)  diagram  for  the  system 
(Fig.  154).  The  topology  of  this  diagram 
remains  unchanged  over  a  wide  range  of 
P  and  T.  For  a  particular  P  and  T,  the 
position  of  the  vapor  saturation  line 
along  which  PCo2  +  Ph2o  =  Ptotai,  the 
relative  positions  of  the  other  lines,  and 
the  scale  factor  for  the  axes  could  be 
determined  from  thermochemical  data. 

Figure  154  would  have,  in  general,  the 
same  topology  as  a  T-XC02  diagram  for 
the  system  (c/.  Greenwood,  1967a; 
Johannes,  1969) .  Lines  of  equal  XCo2 
on  Fig.  154  would  be  approximately 
parallel,  would  have  a  slope  of  about  +1 
(45°),  and  would  be  logarithmically  dis- 
tributed around  the  line  XCo2  =  0.5  (not 
shown).   Diagrams  such  as  Fig.  154  are, 


however,  less  complex  than  T-XCo2  dia- 
grams, because  all  reactions  among  pure 
substances  are  straight  lines  and  because 
reactions  taking  place  in  regions  of  XCo2 
<  0.1  or  Xcc-2  =5=  0.9  are  not  all  "squeezed" 
into  one  side  or  the  other  of  the  diagram. 
All  that  is  needed  to  draw  such  diagrams 
qualitatively  is  the  output  of  program 
REACTION. 

Other  applications  of  program  RE- 
ACTION may  be  found  in  the  discussions 
of  the  systems  Ca-Fe-Si-C-0  and  Ca-Fe- 
Si-C-O-H  (Burt,  Year  Book  70)  and  in 
similar  discussions  of  the  systems  Fe-Si- 
C-O-H,  Ca-Fe-Si-C-O-F-W,  and  Ca-Fe- 
Si-C-O-S-Cu-Zn  (Burt,  this  report) .  The 
system  CaO-MnO-Si02-C02,  also  dis- 
cussed in  this  report,  is  less  well  suited  for 
use  with  program  REACTION  because 
most  of  the  minerals  involved  are  solid 
solutions. 

Temperature  Controller  for  High- 
Pressure  Apparatus 

C.  Hadidiacos 

A  new,  completely  solid-state  tempera- 
ture controller  designed  to  control  graph- 
ite furnace  cells  in  single-stage,  high- 
pressure  apparatus  has  been  built  and 
extensively  tested  here  during  the  past 
five  years.  There  have  been  no  failures 
of  this  controller  during  that  time  span, 
with  four  systems  in  almost  continuous 
use.  The  controller  uses  the  thermo- 
couple as  a  sensing  element  and  propor- 
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Fig.  155.    Typical  temperature  monitor  and  control  systems. 
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tionally  controls  the  temperature  over 
an  interval  of  ±200°C  about  the  original 
set  point.  The  accuracy  of  the  control  in 
the  range  200°-2000°C  is  about  ±1°C. 
Other  specifications  include  a  power  ca- 
pacity of  10  kVA  (although  the  system 
seldom  requires  over  5  kVA)  and  a  rate 
adjustment  with  a  time  period  of  0.1-10 
seconds  to  control  any  excessive  oscilla- 
tions. Total  cost  of  the  components  for 
this  controller  is  approximately  $150. 

Two  system  configurations  (Fig.  155) 
can  be  used  to  read  the  emf  developed  by 
the  thermocouple.  The  first  uses  a  ther- 
mocouple-potentiometer-null detector  cir- 
cuit which  provides  a  totally  electronic 
system  with  close  control  over  the  desired 
temperature.  The  second  system  uses  a 
recorder  with  an  external  1000  ohm  slide 
wire  that  yields  a  continuous  record  with 
resolution  dependent  on  the  electrome- 
chanical link  of  the  recorder.  Both  of 
these  systems  provide  the  proper  input 
required  for  the  temperature  controller. 

The  input  to  the  temperature  controller 
(Fig.  156)  is  controlled  by  an  on-off 
switch.  In  the  off  position,  the  input  to 
the  CA3010  operational  amplifier  is  bal- 
anced by  precision  metal  film  resistors 
and  trimmed  to  obtain  balanced  offset 
current.  The  function  of  the  CA3010  is  to 
provide  controlled  integration  of  the 
amplified  error  signal.  The  amount  of  in- 


tegration is  adjusted  by  a  10-K  resistor 
across  the  output.  The  effect  on  the  sys- 
tem is  to  control  the  speed  of  any  one 
correction,  thus  providing  a  rate  control 
of  damped  oscillations.  The  bulk  power 
supplied  to  the  furnace  is  manually  set 
by  a  ten-turn  2-K  resistor,  (manual  set 
point  of  Fig.  156)  which  sets  a  reference 
to  the  emitter  of  the  2N2646  unijunction 
transistor.  This  reference  is  then  con- 
trolled by  the  operational  amplifier  via 
the  amount  of  conduction  of  the  2N388 
transistor.  As  this  reference  charges  Ci, 
the  unijunction's  emitter  eventually 
reaches  a  critical  value  in  which  the 
emitter  goes  into  conduction,  discharging 
Ci  and  applying  a  pulse  to  T4,  which  is 
gated  synchronously  with  the  incoming 
line  frequency.  This  pulse  is  then  used 
to  gate  one  of  the  2N1595  silicon  control 
rectifiers  (SCR),  which  turns  on  one  of 
the  2N1798  SCR's  used  to  control  the 
primary  power  to  the  step-down  trans- 
former T5.  Thus,  only  one  2N1798  is 
turned  on,  depending  upon  which  half  of 
the  60  Hertz  is  present  at  the  time  Cx 
discharges.  The  charge  time  required  for 
Ci  to  charge  to  the  critical  threshold  of 
the  unijunction  will  determine  the  phase 
angle  in  which  the  SCR's  are  gated.  This 
action  determines  the  amount  of  power 
delivered  to  the  load,  thereby  counter- 
balancing the  error  in  the  detector  circuit. 
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Conference  on  Plate  Tectonics  and  the 
Evolution  of  Continents 

From  March  20  to  24,  1972,  approxi- 
mately sixty-five  scientists  with  diverse 
geological  backgrounds  participated  in  a 
conference  on  "Plate  Tectonics  and  the 
Evolution  of  Continents,"  sponsored  by 
the  Carnegie  Institution.  Organized  by 
Drs.  Stanley  Hart  and  David  James 
(Department  of  Terrestrial  Magnetism), 
and  Dr.  Thomas  Krogh  (Geophysical 
Laboratory),  the  conference  at  Airlie 
House  in  Warrenton,  Virginia,  brought 
together   earth    scientists   active   in   the 


study  of  sea-floor  spreading  and  plate 
tectonics  with  those  working  on  Precam- 
brian  geology  and  geochronology.  It  was 
designed  as  a  working  conference  to  iden- 
tify new  directions  and  synthesize  avail- 
able data  in  an  attempt  to  stimulate 
progress  toward  a  comprehensive  view  of 
the  earth's  crustal  history. 

Sea-floor  spreading  and  its  corollary, 
plate  tectonics,  have  led  to  important  new 
insights  into  many  fundamental  processes 
of  geology  and  geophysics.  Over  the  past 
several  years  these  theories  have  had  re- 
markable success  in  predicting  and  ex- 
plaining  large-scale   phenomena   in   the 
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oceans.  Less  obvious,  however,  were  their 
implications  for  continental  evolution, 
and  only  recently  it  has  become  widely 
recognized  that  plate  tectonics  provides  a 
framework  in  which  to  explain  the  major 
geological  and  geophysical  features  of 
continents.  A  great  many  articles  have 
appeared  recently  in  which  attempts  have 
been  made  to  cast  continental  tectonic 
and  geologic  observations  into  a  plate 
tectonic  mold.  Included  in  this  literature 
have  been  plate  tectonic  models  for  the 
evolution  of  many  of  the  world's  post- 
Precambrian  orogenic  belts.  There  have 
been  few  attempts,  however,  to  synthesize 
data  that  include  the  Precambrian  and  to 
evolve  a  more  or  less  coherent  model  of 
continental  evolution.  A  major  objective 
of  the  Airlie  House  conference  was  to 
focus  on  this  subject. 

The  format  of  the  conference  was  un- 
structured and  informal;  there  were  few 
prearranged  talks.  Discussion  proceeded 
spontaneously  for  most  of  the  conference, 
and  considerable  effort  was  made  to  stim- 
ulate interaction  and  facilitate  participa- 
tion. For  each  session  only  a  chairman 
was  named  and  a  topic  outlined.  Chair- 
men initiated  the  sessions  with  an  over- 
view or  review  of  the  topic  at  hand,  and 
discussion — either  as  volunteered  or  solic- 
ited short  talks,  or  free-form — proceeded 
spontaneously. 

The  looser,  more  congenial  atmosphere 
of  the  conference,  combined  with  the 
pleasant  country  surroundings  of  Airlie 
House,  encouraged  the  interaction  desired 
by  the  organizers.  There  was  both  a 
confrontation  of  diverse  views  and  a 
focusing  of  diverse  expertise  on  the  cen- 
tral subject  of  plate  tectonics.  The  gen- 
eration of  excitement  and  the  sharing  of 
knowledge  were  immediate  results.  The 
outcome  of  the  conference  is  expected  to 
significantly  affect  the  direction  of  re- 
search on  the  application  of  the  tectonics 
model  to  earlier  data.  A  report  on  the 
discussions  of  the  conference  was  pub- 
lished in  the  August  1972  issue  of  Geo- 
times. 

In  addition  to  members  of  the  staffs  of 


the  Geophysical  Laboratory  and  the  De- 
partment of  Terrestrial  Magnetism,  the 
following  scientists  participated  in  the 
conference:  Philip  H.  Abelson  (Carnegie 
Institution  of  Washington),  Richard  L. 
Armstrong  (Yale  University) ,  Joe  Arth 
(State  University  of  New  York  at  Stony 
Brook),  Lome  D.  Ayres  (Ontario  De- 
partment of  Mines,  Canada),  Manuel  N. 
Bass  (NASA,  Manned  Spacecraft  Cen- 
ter), Keith  Bell  (Carleton  University, 
Canada),  Jon  H.  Berg  (University  of 
Massachusetts) ,  John  M.  Bird  (State 
University  of  New  York,  Albany),  Chris 
Brooks  (University  of  Montreal,  Can- 
ada), Kevin  Burke  (University  of  To- 
ronto, Canada) ,  S.  Warren  Carey  (Uni- 
versity of  Tasmania) ,  William  R.  Church 
(University  of  Western  Ontario,  Canada) , 
Tom  N.  Clifford  (University  of  the  Wit- 
watersrand,  South  Africa),  Kent  C.  Con- 
die  (New  Mexico  Institute  of  Mining  and 
Technology,  New  Mexico),  Peter  J. 
Coney  (Middlebury  College),  Edward 
Cray  (University  of  California  at  Davis) , 
John  Dewey  (State  University  of  New 
York,  Albany),  William  R.  Dickinson 
(Stanford  University),  Robert  S.  Dietz 
(ESSA  Institute  for  Oceanography), 
Charles  L.  Drake  (Dartmouth  College), 
Samuel  S.  Goldich  (Northern  Illinois 
University),  Alan  M.  Goodwin  (Univer- 
sity of  Toronto,  Canada) ,  Gilbert  Han- 
son (State  University  of  New  York, 
Stony  Brook),  Charles  E.  Helsley  (Uni- 
versity of  Texas) ,  Norman  Herz  (Uni- 
versity of  Georgia),  Patrick  M.  Hurley 
(Massachusetts  Institute  of  Technology), 
T.  Neil  Irvine  (Geological  Survey  of 
Canada),  Marshall  Kay  (Columbia  Uni- 
versity) ,  Marvin  A.  Lanphere  (U.S.  Geo- 
logical Survey,  California),  William  P. 
Leeman  (University  of  Oregon),  Peter 
W.  Lipman  (U.S.  Geological  Survey, 
Colorado),  Philip  E.  Long  (Stanford 
University),  Sydney  B.  Lumbers,  (Ontario 
Department  of  Mines,  Canada) ,  J.  S.  Mc- 
Glynn  (Geological  Survey  of  Canada) , 
Eldridge  M.  Moores  (University  of  Cali- 
fornia, Davis),  S.  A.  Morse  (University 
of  Massachusetts),  Mike  Mudrey  (Uni- 
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versity  of  Minnesota),  A.  J.  Naldrett 
(University  of  Toronto,  Canada),  Rich- 
ard W.  Ojakangas  (University  of  Minne- 
sota) ,  Ron  Oxburgh  (University  Museum, 
England),  Ian  Ridley  (NASA,  Manned 
Spacecraft  Center) ,  John  Rodgers  (Yale 
University),  Dietrich  H.  Roeder  (Esso 
Production  Research  Co.) ,  Robert  F.  Roy 
(Purdue  University) ,  F.  J.  Sawkins(  Uni- 
versity of  Minnesota),  R.  F.  Jon  Scoates 
(Department  of  Mines  and  Natural  Re- 
sources, Canada) ,  Denis  M.  Shaw  (Mc- 
Master  University,  Canada) ,  Leon  T. 
Silver  (California  Institute  of  Technol- 
ogy), S.  Ross  Taylor  (Australian  Na- 
tional University,  Australia),  George  A. 
Thompson  (Stanford  University),  Wil- 
liam Randall  Van  Schmus  (University  of 
Kansas),  Dirk  E.  Vogel  (Rutgers  Uni- 
versity) ,  R.  I.  Walcott  (Department  of 
Energy,  Mines  and  Resources,  Canada), 
J.  B.  Waterhouse  (University  of  Toronto, 
Canada),  George  Wetherill  (University 
of  California),  Donald  Wise  (University 
of  Massachusetts),  Grant  M.  Young 
(University  of  Western  Ontario,  Canada). 

Washington  Crystal  Colloquium 

The  Washington  Crystal  Colloquium, 
an  informal  monthly  assembly  of  crystal- 
lographers  from  the  Washington  area, 
met  eight  times  during  the  report  year. 
The  following  lectures  were  presented: 

"The  derivative  lattices  and  their  de- 
terminations," by  A.  Santoro  and  A.  D. 
Mighell  (National  Bureau  of  Standards) , 
October  22,  1971. 

"Calcium  divanadate  and  its  crystal 
chemical  relationship  to  diphosphates," 
by  Howard  Evans,  Jr.,  and  Judith  Kon- 
nert  (U.S.  Geological  Survey) ,  November 
19,  1971. 

"Implementation  of  the  fast  Fourier 
algorithm  for  crystallographic  comput- 
ing," by  Carl  0.  Quickspll  (Georgetown 
University)  and  Camden  R.  Hubbard 
(National  Bureau  of  Standards) ,  Decem- 
ber 17,  1971. 

"The  structure  of  calcium  binding  pro- 
teins from  carp  muscle,"  by  R.  Kretsinger 


(University  of  Virginia),  January  21, 
1972. 

"Diverse  topics:  (1)  Frog  venoms  and 
(2)  Correlation  of  rate  of  reaction  with 
conformation,"  by  Isabella  L.  Karle 
(Naval  Research  Laboratory),  February 
25,  1972. 

"Diffraction  evidence  for  crystalline- 
like ordering  in  glasses,"  by  John  Kon- 
nert  (Naval  Research  Laboratory) , 
March  17,  1972. 

"Diffraction  and  kinetic  studies  on  sub- 
strate binding  to  chymotrypsin,"  by 
DavicL  Segal  (National  Institutes  of 
Health),  April  21,  1972. 

"Crystal  structures  of  some  tumor  in- 
hibitors and  related  compounds,"  by 
Robert  F.  Bryan  (University  of  Vir- 
ginia), May  19,  1972. 

Seminar  Series 

The  regular  seminar  series  met  28  times 
during  the  report  year.  The  speakers  in- 
cluded invited  guests,  Staff  Members,  and 
Fellows.  The  following  lectures  were  pre- 
sented : 

"Computer  methods  in  igneous  petrol- 
ogy," by  J.  H.  Bigelow  (The  Rand  Cor- 
poration), September  16,  1971. 

"The  asthenosphere,"  by  W.  M.  Elsas- 
ser  (University  of  Maryland) ,  September 
30,  1971. 

"Isotope  ages  of  rocks  of  the  Grenville 
province,"  by  T.  E.  Krogh  (Geophysical 
Laboratory),  October  7,  1971. 

"An  introduction  to  the  computer  auto- 
mated probe  system,"  by  L.  W.  Finger 
(Geophysical  Laboratory),  October  12, 
1971. 

"Oxygen  isotope  studies  on  rocks  from 
the  Grenville  province  and  other  parts  of 
the  Canadian  shield,"  by  Y.  N.  Shieh, 
(McMaster  University),  October  14, 
1971. 

"HC1  buffers  and  their  application  to 
mineral-solute  equilibria,"  by  J.  D. 
Frantz  (The  Johns  Hopkins  University), 
October  21,  1971. 


GEOPHYSICAL    LABORATORY 


625 


"Rock-forming  crystalline  solutions," 
by  S.  Saxena  (Goddard  Space  Flight  Cen- 
ter), October  28, 1971. 

"Petrology  of  Gough  Island,  South  At- 
lantic," by  Roger  LeMaitre,  (University 
of  Melbourne) ,  November  16,  1971. 

"The  chemical  bond  in  silicates,"  by 
M.  Raymond  (Geophysical  Laboratory), 
November  23,  1971. 

"A  thermal  study  of  yNa2BeF4:  the 
crystal  structure  at  25°  and  75  °C  and  its 
anisotropic  thermal  expansion,"  by  S. 
Deganello  (University  of  Chicago),  De- 
cember 2,  1971. 

"Problems  in  the  study  of  sea  floor  ba- 
salts," by  W.  B.  Bryan  (Woods  Hole 
Oceanographic  Institution),  December  8, 
1971. 

"Geolipids,"  by  T.  C.  Hoering  (Geo- 
physical Laboratory),  December  9,  1971. 

"Applications  of  crystal  structure  re- 
finements— atomic  thermal  vibration  and 
site  energies,"  by  Y.  Ohashi  (Harvard 
University),  December  16,  1971. 

"Nunarssukitization:  fact  or  fiction?" 
by  B.  L.  Gulson  (University  of  Bern), 
December  17,  1971. 

"Plastic  deformation  in  alpine-type 
peridotites,"  by  A.  Nicolas  (University  of 
Nantes) ,  December  20,  1971. 

"Preview  of  talks  to  be  given  at  the 
third  Lunar  Science  Conference,"  by 
P.  M.  Bell,  L.  W.  Finger,  I.  Kushiro, 
H.  K.  Mao,  and  D.  Virgo  (Geophysical 
Laboratory),  January  6,  1972. 

"Crystal  chemistry  of  Cr-spinels,"  by 
G.  Ulmer  (Temple  University),  January 
7,  1972. 

'Two-photon  absorption  and  crystal- 
field  splitting  in  rutile,"  by  H.  S.  Waff 
(University  of  Oregon) ,  January  20, 1972. 

"Intrinsic  oxygen  fugacities  of  iron- 
bearing  minerals — theory  and  applica- 
tions," by  Moto  Sato  (U.S.  Geological 
Survey),  January  27,  1972. 

"Fission  tracks:  annealing,  dating  ura- 
nium zoning  in  zircons,"  by  Charles  W. 
Naeser  (U.S.  Geological  Survey),  Feb- 
ruary 9,  1972. 

"Divariant  reactions  involving  cordier- 
ite  and  garnet  as  pressure-temperature 


indicators,"  by  B.J.  Hensen  (Geophysical 
Laboratory) ,  February  17,  1972. 

"Pedogenesis  of  the  Eocene  lavas  of 
Skye,  N.W.  Scotland,"  by  R.  N.  Thomp- 
son (Geophysical  Laboratory),  March  9, 
1972. 

"Physical  properties  and  phase-equili- 
brium studies  of  the  Fe-Mg  richterites," 
by  R.  W.  Charles  (Geophysical  Labora- 
tory), April  6,  1972. 

"Q-structure  of  the  earth's  mantle  and 
core,"  by  I.  S.  Sacks  (Department  of 
Terrestrial  Magnetism),  April  13,  1972. 

"Al,  Si  distribution  in  alkali  feldspars," 
by  H.  Kroll  (University  of  Minister), 
April  27,  1972. 

"Some  applications  of  theoretical  geo- 
chemistry to  the  study  of  skarn  deposits," 
by  D.  M.  Burt  (Geophysical  Labora- 
tory) ,  May  2,  1972. 

"Crystal-field  calculations  and  appli- 
cations to  rock-forming  silicates,"  by 
R.  G.  J.  Strens  (Newcastle-upon-Tyne) , 
May  17,  1972. 

"Electron  microscopy  studies  of  lunar 
pyroxenes  and  plagioclases,"  by  A.  H. 
Heuer  (Case  Western  Reserve  Univers- 
ity), June  22,  1972. 

Field  Studies 

D.  Burt,  M.  Seitz,  D.  Virgo,  and  H. 
Wolanin  attended  a  field  trip  featuring 
the  igneous  and  metamorphic  rocks  of  the 
Maryland  Piedmont.  The  trip  was  spon- 
sored and  organized  by  the  Geological 
Society  of  Washington. 

T.  C.  Hoering  participated  in  an  ocean- 
ographic cruise  to  Saanich  Inlet,  British 
Columbia,  aboard  the  R.  V.  Onar  of  the 
University  of  Washington,  Seattle.  He 
collected  sediments  rich  in  organic  mat- 
ter, which  had  been  deposited  at  a  very 
rapid  rate  under  anaerobic  conditions. 
The  sediments  also  include  organic  debris 
deposited  from  terrestrial  plants  as  well 
as  marine  organisms.  Organic  geochem- 
ical  studies  will  be  made  on  these  samples 
to  learn  the  effect  of  the  depositional  en- 
vironment on  the  transformations  of 
organic  compounds. 


626 


CARNEGIE     INSTITUTION 


A.  Hofman,  J.  Mattinson,  and  T. 
Krogh,  in  collaboration  with  scientists 
from  the  Department  of  Terrestrial  Mag- 
netism, the  U.S.  Geological  Survey,  and 
the  University  of  California  at  Santa 
Barbara,  completed  a  month-long  field 
study  in  the  Pacific  Northwest.  Meta- 
morphic  rocks  ranging  from  biotite  to  sil- 
limanite  grade  were  collected  from  the 
Idaho  Batholith  area  in  order  to  evaluate 
the  degree  of  isotopic  redistribution  in  the 
K-Ar,  Rb-Sr,  and  U-Pb  systems  as  a 
function  of  grade  of  regional  metamorph- 
ism.  Igneous  rocks  collected  from  a 
Miocene  volcano-plutonic  complex  in  Mt. 
Rainier  National  Park,  Washington,  are 
being  dated  by  the  U-Pb  method  to  de- 
termine the  time-span  over  which  such 
bodies  are  emplaced,  to  evaluate  the  pos- 
sibility of  any  contribution  to  the  magma 
from  crustal  sources,  and  possibly  to  re- 
fine the  decay  constant  of  U235. 

H.  S.  Yoder,  Jr.,  participated  in  a  field 
trip  sponsored  by  the  Los  Alamos  Sci- 
entific Laboratory  to  the  recent  rhyolitic 
domes  of  the  ring  complex  of  Hemez 
Mountains,  New  Mexico,  in  connection 
with  a  geothermal  project.  He  also  visited 
the  Virginia  Dale  ring-dike  complex  on 
the  Colorado-Wyoming  border  with  Dr. 
R.  E.  Wilcox  of  the  U.S.  Geological  Sur- 
vey to  examine  possible  evidence  of 
magma  mixing. 

Exhibits 

Exhibits  opened  May  1972  at  the  Car- 
negie Institution  of  Washington  that  in- 
troduced the  research  activities  carried 
out  at  the  Geophysical  Laboratory  on 
the  two  major  geologic  processes,  mag- 
matic  and  metasomatic,  and  two  fields  in 
which  rapid  progress  is  being  made,  lunar 
rock  and  deep-sea  sediment  researches. 
They  included  detailed  microprobe  anal- 
yses of  Apollo  12  pyroxenes  (Boyd), 
analytical  results  on  organic  substances 
in  some  deep-sea  sediments  (Hoering  and 
Hare) ,  experimental  results  on  the  mixing 
of  two  contrasting  magmas  (Yoder)  and 


on  the  melting  of  garnet  and  spinel  peri- 
dotites,  which  are  believed  to  be  upper 
mantle  materials  (Kushiro),  results  of 
investigations  of  uranium  distribution 
between  crystals  and  basaltic  melt  at 
high  pressures  (Seitz) ,  distribution  of  Rb 
and  Sr  in  some  Precambrian  metamorphic 
rocks  (Krogh),  and  mineral  paragenesis 
and  distribution  of  skarn  deposits  (Burt) . 

Lectures 

During  the  report  year  Staff  Members 
and  Fellows  were  invited  to  present  lec- 
tures and  participated  in  symposia  and 
other  extracurricular  activities  as  follows: 

P.  M.  Bell  lectured  at  the  Department 
of  Mineralogy  and  the  Department  of 
Geophysics  at  the  Massachusetts  Insti- 
tute of  Technology.  He  served  as  a  mem- 
ber of  the  Lunar  Science  Review  Board 
of  the  Lunar  Science  Institute  and  as  a 
member  of  the  Lunar  Sample  Analysis 
Planning  Team  of  the  NASA  Manned 
Spacecraft  Center. 

F.  R.  Boyd,  Jr.,  was  elected  President 
of  the  Geochemical  Society  for  1972. 
He  also  served  as  President  of  the  Vol- 
canology,  Petrology,  and  Geochemistry 
Section  of  the  American  Geophysical 
Union  and  on  the  Council  of  the  Geolog- 
ical Society  of  America  during  1971-72. 

D.  M.  Burt  lectured  at  the  geology  de- 
partments of  the  University  of  California, 
Berkeley,  and  the  University  of  Cincin- 
nati. He  also  delivered  an  address  to  the 
Geological  Society  of  Washington. 

F.  Chayes  gave  an  invited  address  on 
"Data  reduction  in  the  smaller  natural 
sciences:  A  pilot  study  in  petrology"  to 
the  Washington  Statistical  Society.  He 
also  gave  two  lectures  and  a  laboratory 
demonstration  on  "A  priori  and  experi- 
mental approximation  of  the  simple  ratio 
correlations"  at  the  National  Science 
Foundation  Institute  on  Geostatistics, 
University  of  Illinois  at  Chicago  Circle. 

J.  S.  Dickey,  Jr.,  lectured  at  the  De- 
partments of  Earth  and  Planetary  Sci- 
ences at  The  Johns  Hopkins  University 
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and  the  Massachusetts  Institute  of  Tech- 
nology. He  also  delivered  an  address  to 
the  Geological  Society  of  Washington. 

L.  W.  Finger  lectured  to  the  Geochem- 
istry Department  of  the  Lamont-Doherty 
Geological  Observatory  of  Columbia  Uni- 
versity. He  also  addressed  the  Experi- 
mental Geochemistry  and  Mineralogy 
Branch  of  the  U.S.  Geological  Survey. 

P.  E.  Hare  lectured  on  his  recent  work 
with  deep-sea  cores  at  the  Fifth  Inter- 
national Conference  on  Organic  Geo- 
chemistry held  in  Hannover,  Germany,  in 
September  1971. 

K.  King,  Jr.,  addressed  a  seminar  at  the 
Biochemistry  Department  at  Yale  Uni- 
versity. 

T.  E.  Krogh  lectured  on  Rb-Sr  and 
U-Pb  age  determinations  at  the  Depart- 
ment of  Geology  and  the  Department  of 
Physics  at  the  University  of  Toronto. 

H.  K.  Mao  addressed  the  Department 
of  Geology  at  the  University  of  Ro- 
chester. 

J.  M.  Mattinson  gave  an  invited  ad- 
dress on  "Uranium-lead  geochronology  of 
the  Northern  Cascade  Mountains,  Wash- 
ington" at  the  Department  of  Geology, 
University  of  Pennsylvania. 

H.  S.  Yoder,  Jr.,  delivered  two  lectures 
to  the  Geology  Department  of  the  Uni- 
versity of  Wyoming.  He  was  elected 
President  of  the  Mineralogical  Society  of 
America  for  1972,  and  served  as  a  mem- 
ber of  the  Evaluation  Panel  for  the  In- 
organic Materials  Division  of  the  Insti- 
tute for  Materials  Research,  National 
Bureau  of  Standards.  In  addition,  he 
served  in  the  following  capacities:  mem- 
ber of  the  Geosciences  Advisory  Panel  to 
the  Los  Alamos  Scientific  Laboratory; 
member  of  a  National  Academy  of  Sci- 
ences visiting  team  surveying  scientific 
research  equipment  needs  for  the  Na- 
tional Science  Foundation;  and  member 


of  the  Curriculum  Development  Com- 
mittee of  the  Natural  Resources  College, 
National  Graduate  University,  centered 
in  Washington,  D.C. 

J.  Akella,  P.  M.  Bell,  F.  R.  Boyd,  Jr., 
L.  W.  Finger,  I.  Kushiro,  H.  K.  Mao,  and 
D.  Virgo  participated  in  the  NASA  Third 
Lunar  Science  Conference  held  at  the 
Manned  Spacecraft  Center  near  Houston, 
Texas. 

P.  M.  Bell,  D.  M.  Burt,  D.  Rumble, 
and  H.  S.  Yoder,  Jr.,  participated  in  the 
Gordon  Research  Conference  on  "Mixed 
Volatiles  and  Metamorphism"  at  the 
Holderness  School,  Plymouth,  N.  H. 

P.  M.  Bell,  F.  R.  Boyd,  Jr.,  D.  M.  Burt, 
L.  W.  Finger,  M.  Raymond,  and  D.  Virgo 
participated  in  a  Conference  on  Petrologic 
Crystal  Chemistry  in  Edgartown, 
Martha's  Vineyard  Island,  Mass.,  spon- 
sored by  the  American  Geophysical 
Union. 

Staff  Members  gave  a  series  of  lectures 
during  a  two-hour  guided  tour  of  the 
Laboratory  by  groups  attending  the  An- 
nual Meeting  of  the  Geological  Society  of 
America,  held  in  Washington,  D.C,  on 
November  1-3,  1971. 

Petrolo gists'  Club 

Three  meetings  were  held  during  the 
61st  year  of  the  Penologists'  Club.  The 
lectures  presented  were: 

"Nonequilibrium  thermodynamics  as 
an  approach  to  diffusion  in  metamorphic 
rocks,"  by  George  Fisher  (The  Johns 
Hopkins  University),  October  19,  1971. 

"Interpretation  of  lunar  basalts,"  by 
M.  J.  O'Hara  (University  of  Edinburgh), 
January  14,  1972. 

"Pyroxenes  as  recorders  of  lunar  basalt 
pedogenesis,"  by  J.  J.  Papike  (State 
University  of  New  York  at  Stony  Brook) , 
March  28,  1972. 
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INTRODUCTION 


Only  a  half  century  ago  was  it  firmly 
established  that  our  Galaxy  is  just  one  of 
countless  numbers  of  galaxies  that  popu- 
late the  observable  universe.  Since  the 
days  of  Curtis,  Slipher,  Hubble,  and 
Lundmark,  our  knowledge  of  the  uni- 
verse has  been  expanding  at  an  accel- 
erated rate.  The  breadth  of  the  field  as  a 
subject  for  scientific  investigation  and 
the  variety  of  the  physical  problems 
challenging  man's  understanding  have  at- 
tracted a  growing  number  of  active  in- 
vestigators. Many  new  and  effective 
technological  aids  to  observation  have 
been  developed  and  applied.  These  trends 
are  illustrated  by  the  current  reports  of 
scientific  progress  at  the  Hale  Observa- 
tories within  the  past  year. 

The  quantities  of  new  data  now  being 
recorded  and  discussed  are  massive  com- 
pared to  those  of  twenty  years  ago.  The 
situation  reflects  the  importance  of 
sophisticated  photoelectric  detectors  and 
digital  data  acquisition  systems  that  have 
greatly  increased  the  efficiency  of  astro- 
nomical observations.  These  new  devices 
are  fully  as  important  for  the  largest 
telescopes  as  for  smaller  ones.  Precise 
photometry  and  spectroscopy  of  ex- 
tremely faint  galaxies  and  quasars  are 
yielding  important  new  knowledge  as  to 
the  distribution,  velocities,  physical  con- 
stitution, and  history  of  the  basic  con- 
stituents of  the  universe. 

But  even  as  these  results  are  reported, 
more  effective  instrumental  systems  are 
being  demonstrated  for  the  first  time. 
Within  reach  are  video  systems  that  will 
respond  digitally  to  individual  photons 
and  accumulate  photometric  counts  over 
a  broad  band  of  wavelengths.  These 
high-resolution,  two-dimensional  image 
photometers,  now  in  the  stage  of  initial 
application  at  the  telescope,  illustrate  the 
rapid  evolution  that  is  occurring  in  the 
ability  of  the  observational  astronomer  to 


collect  quantitative  physical  data  from 
vast  numbers  of  remote  galaxies  that 
until  recently  were  beyond  the  limits  of 
any  observational  technique.  Almost 
within  our  grasp  is  the  ability  to  extend 
image  analysis  with  large  telescopes  to 
dim  levels  of  faintness  several  magni- 
tudes below  the  uniform  glow  of  the  night 
sky  and  zodiacal  light.  Of  comparable 
importance  may  be  the  application  of 
similar  devices  to  stellar  spectroscopy 
and  photometry.  One  of  the  challenges 
to  the  observer  is  the  development  of 
techniques  and  methods  for  dealing  with 
the  quantities  of  meaningful  data  that 
can  be  recorded  by  these  new  two-dimen- 
sional photometric  systems.  Indexing, 
extraction,  sorting,  and  classification  of 
the  significant  information  from  the  new 
systems  of  data  collection  will  constitute 
a  task  of  great  magnitude. 

Research  Highlights 

Considerable  effort  has  been  directed 
toward  improving  our  knowledge  of  the 
enigmatic  Hg-Mn  stars.  These  objects 
lie  on  the  upper  main  sequence  in  the 
sharply  bounded  temperature  domain 
10,000°  <  Te  <  15,000°K.  They  rotate 
much  more  slowly  than  normal  stars  in 
this  domain  and  possess  gross  overabun- 
dances of  a  seemingly  random  sample  of 
the  chemical  elements;  P,  Mn,  Ga,  Xe, 
Pt,  and  Hg  are  outstanding  examples. 
Recently  Preston,  Vaughan,  White,  and 
Swings  have  found  a  remarkable  correla- 
tion between  the  precise  wavelength  of 
A3984  of  Hg  II  and  effective  temperature 
in  a  sample  of  some  30  of  these  stars. 
The  correlation  implies  a  temperature- 
dependent  variation  in  the  isotopic  com- 
position of  Hg  for  which  there  is  no  ex- 
planation at  present.  To  compound  the 
mystery,  Dworetsky  and  Vaughan  have 
measured  the  profile  of  the  Pt  II  line 
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A4046  in  two  of  these  stars  and  have 
found  what  appears  to  be  a  difference  in 
the  isotopic  abundances  of  Pt  as  well. 

Meanwhile,  at  the  other  end  of  the 
periodic  table,  Dworetsky  has  studied  the 
helium  lines  in  t  Orionis  B,  a  member  of 
a  recently  recognized  group  of  "He-weak" 
stars  that  possess  some  but  not  all  of  the 
peculiarities  of  the  Hg-Mn  group.  Dwo- 
retsky has  found  isotopic  shifts  of  the 
helium  lines  which  imply  that  He3, 
normally  a  trace  element  in  cosmic  mat- 
ter, is  a  major  constituent  of  the  atmos- 
phere of  this  star.  Only  one  other  star, 
3  Centauri  A,  is  known  to  share  this 
peculiarity.  Preston  and  White  have  been 
obtaining  the  red  spectrograms  required 
to  make  a  similar  study  of  the  Hg-Mn 
stars,  and  White  is  obtaining  ultraviolet 
spectrograms  required  to  search  for  the 
light  element  Be  and  heavy  elements  that 
lie  near  Pt  and  Hg  in  the  periodic  table. 
The  ultimate  goal  of  this  research  is  to 
provide  the  observational  data  required 
to  test  the  various  theories  of  nucleo- 
synthesis and  diffusion  that  have  been 
advanced  to  explain  these  stars. 

The  diameter  of  the  red  variable  star 
R  Leonis  was  measured  in  the  infrared  by 
Neugebauer,  Becklin,  Clough,  and 
Toombs.  Taking  advantage  of  an  occul- 
tation  of  the  star  by  the  moon,  they  made 
observations  with  three  telescopes  at 
Mount  Wilson  at  wavelengths  of  3.5,  4.8, 
and  11  microns.  Observations  at  the  two 
shorter  wavelengths  are  consistent  with  a 
disk  diameter  of  0.05  arc  sec,  as  predicted 
from  the  measured  effective  temperature 
and  luminosity  of  the  star.  At  11 
microns,  the  occultation  measurements 
show  that  the  radiation  originates  from 
an  area  0.3  arc  sec  in  diameter,  thus  sup- 
porting the  concept  of  thermal  emission 
from  a  cloud  of  dust  particles  surround- 
ing the  star. 

Twenty-nine  supernovae  were  dis- 
covered at  Palomar  during  the  report 
year.  One  of  these,  found  by  Kowal  in 
the  dwarf  irregular  galaxy  NGC  5253, 
was  of  magnitude  8.5,  the  brightest  to 


have  been  found  since  1937  and  the  fourth 
brightest  in  modern  times.  An  analysis  of 
the  results  of  the  Palomar  supernova 
search  since  1958  was  begun  by  Sargent, 
Searle,  and  Kowal.  The  search  fields  con- 
tain 3003  galaxies  brighter  than  magni- 
tude 15.7  and,  in  these,  47  supernovae 
have  been  found  at  Palomar  and  16  at 
other  observatories.  For  galaxies  brighter 
than  11th  magnitude,  it  was  found  that 
the  supernova  rate  is  one  every  17  years, 
close  to  the  rate  of  one  every  10  years  for 
Sc  I  galaxies  estimated  recently  by 
Tammann. 

The  stellar  content  and  chemical  his- 
tory of  blue  galaxies  were  further  investi- 
gated by  Sargent  and  Searle.  They  ob- 
tained spectrograms  and  photoelectric 
scans  of  18  dwarf  emission-line  galaxies 
expected  to  resemble  the  prototype,  Mar- 
karian  116.  This  is  a  blue  galaxy  in  which 
the  interstellar  medium  is  deficient  in 
oxygen  and  neon  with  respect  to  hydrogen 
and  helium,  an  indication  that  all  elements 
heavier  than  hydrogen  and  helium  are 
deficient.  Calculations  of  the  integrated 
colors  of  stellar  systems  as  a  function  of 
their  age  and  history  of  star  formation, 
described  last  year,  have  been  extended 
to  compute  the  colors  of  galaxies  experi- 
encing fluctuations  in  the  rate  of  star 
formation.  Comparison  of  the  results  of 
such  calculations  with  the  colors  of  blue 
galaxies  shows  that  most  of  these  have 
ages  of  — 1010  years  and  that  they  have 
experienced  an  approximately  constant 
rate  of  star  formation.  Such  stability  is 
to  be  expected  only  where  the  gas  supply 
has  not  yet  been  seriously  depleted.  Thus 
it  can  be  understood  why  blue  galaxies 
are  metal-poor  and  why  galaxies  that 
have  nearly  exhausted  their  gas  supply 
will  be  both  red  and  metal-rich.  Searle 
and  Sargent,  taking  account  of  severe 
fluctuations  in  the  star  formation  rate, 
find  it  possible  to  explain  the  colors  and 
the  dwarf  character  of  the  bluest  gal- 
axies. There  appears  to  be  no  strong 
reason  for  believing  that  these  galaxies 
are  young. 
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Schmidt  has  completed  a  statistical 
study  of  the  evolution  of  radio  galaxies. 
It  is  based  on  counts  of  the  number  of 
identified  radio  galaxies  of  various  radio 
power  levels  as  related  to  redshift.  The 
conclusion  is  that  radio  galaxy  evolution 
must  be  dependent  on  radio  power  level 
such  that  the  most  powerful  radio 
sources,  representative  of  early  stages  in 
the  expansion  of  the  universe,  show  as  an 
evolutionary  effect  a  marked  decline  in 
radio  power;  radio  galaxies  of  low  radio 
power  output  show  little  or  no  evolution. 

This  year,  Sandage  has  completed  and 
discussed  two  major  programs  in  observa- 
tional cosmology.  They  are  based  on 
photoelectric  observations  of  (a)  the 
brightest  galaxies  in  clusters,  and  (b) 
radio  galaxies  and  quasars.  Many  of  the 
results  are  discussed  in  terms  of  the 
Hubble  diagram  for  galaxies.  The  dia- 
gram relates  the  observed  redshift  z  to 
the  apparent  magnitude  m.  For  remote 
galaxies  it  maps  the  kinematic  field  of 
the  expanding  universe  and  represents  the 
"velocity  distance"  relation  in  terms  of 
directly  observable  parameters. 

The  first-ranked  elliptical  galaxies  in 
clusters  are  remarkably  similar  both  in 
intrinsic  diameter  and  in  absolute  lumi- 
nosity. The  numerical  results  for  the 
tightness  of  these  relations  come  from 
measurements  on  photographs  of  50  clus- 
ters and  groups  taken  with  the  48-inch 
schmidt  and  with  the  200-inch  telescope 
as  well  as  from  the  spectrograph  and 
photometer.  The  first-ranked  galaxies 
are  sufficiently  similar  to  one  another  to 
permit  distinguishing  among  the  theoret- 
ical curves  that  relate  angular  diameter 
and  redshift  of  galaxies  in  different  model 
universes. 

The  Hubble  diagram  for  cluster  gal- 
axies is  remarkably  well  defined.  It  fol- 
lows a  linear  distance  relationship.  The 
dispersion  in  absolute  luminosity  for 
first-ranked  cluster  galaxies  is  only  0.25 
mag.  Sandage  found.no  dependence  of 
absolute  magnitude  on  the  size  of  the 
cluster,  nor  was  there  any  evidence  for 


intergalactic  absorption  in  the  observed 
sample. 

If  there  is  a  random  noncosmological 
redshift  Az  for  cluster  galaxies,  it  is  dis- 
tributed so  that  the  dispersion  Az/z  is 
less  than  0.1.  In  other  words,  it  is  very 
small.  The  analysis  sets  an  upper  limit  of 
300  km  s"1  on  Az. 

If  the  observations  are  interpreted  in 
terms  of  the  homogeneous  Friedmann 
model  universe,  the  deceleration  param- 
eter, g0,  calculated  by  Sandage  from  his 
data  on  41  clusters,  is  close  to  +1.  To 
reduce  this  to  go  =  0  would  require  evolu- 
tion in  luminosity  at  the  rate  1.09  (1  + 
z)H0  mag  per  year,  in  the  sense  that  E 
galaxies  were  brighter  in  the  past.  There 
are  difficulties  in  evaluating  the  rate  of 
change  of  luminosity  to  determine 
whether  the  data  permit  q0  to  be  0.  Using 
the  formal  value  q0  =  +1,  and  H0  =  50 
for  the  Hubble  constant,  one  finds  an 
interval  of  about  eleven  billion  years 
since  the  expansion  started.  This  gives 
substantial  support  for  big-bang  cosmol- 
ogies because  it  is  close  to  the  age  of  our 
own  Galaxy. 

Sandage  made  a  separate  study  of  60 
radio  galaxies,  100  quasars,  and  25  radio- 
quiet  quasars  (QSO).  He  found  that  the 
Hubble  diagram  for  the  radio  galaxies  is 
similar  to  that  for  the  first-ranked  cluster 
galaxies  but  is  shifted  to  the  faint  side  by 
0.3  mag.  The  principal  conclusions  from 
the  radio-source  study  are  outlined  below. 

For  a  galaxy  to  be  a  strong  radio  source 
it  must  be  among  the  most  massive  gal- 
axies known,  probably  in  the  range  1012 
to  1013  solar  masses. 

The  Hubble  diagram  for  quasars  shows 
them  to  be  scattered  to  the  brighter  side 
of  the  radio  galaxy  distribution.  This  is 
compatible  with  a  quasar  model  consist- 
ing of  a  normal  strong  radio  galaxy 
with  a  superposed  nonthermal  compo- 
nent of  nonspecific  optical  luminosity. 
Such  a  model  supports  the  view  that 
quasars  are  at  their  cosmological  dis- 
tance. 
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Sandage  was  unable  to  identify  any 
selection  effects  that  might  result  in  an 
apparent  limit  of  quasar  redshifts  near 
z  =  3.  Acceptance  of  the  limit  as  real 
would  suggest  that  in  observing  the  qua- 
sars with  the  largest  redshifts  we  are 
looking  back  in  time  to  the  limit  of  the 
quasar  world.  In  other  words,  we  are 
looking  back  through  89%  of  the  time 
that  has  elapsed  since  the  big  bang. 

It  has  been  remarked  more  than  once 
that  there  seem  to  be  certain  physical 
properties  relating  quasars,  N  galaxies, 
Seyfert  galaxies,  and  more  ordinary  gal- 
axies, the  primary  factor  being  the  degree 
of  quasarlike  activity  in  the  galactic 
nucleus.  If  this  is  true,  it  provides  sup- 
port for  the  cosmological  distances  of 
quasars  while  suggesting  that  many  of 
these  objects,  upon  careful  examination, 
may  turn  out  to  be  nuclei  of  galaxies  as 
yet  undetected.  Of  the  first  four  selected 
quasars  examined  by  Kristian,  two 
clearly  show  underlying  galaxies  that  by 
reason  of  their  relative  faintness  are  diffi- 
cult to  detect  by  conventional  photog- 
raphy. The  use  of  two-dimensional  video 
photometry  offers  much  promise  in  this 
direction. 

The  conclusion  that  a  Seyfert  galaxy 
is  one  that  has  a  quasar  in  its  nucleus  was 
reached  by  Oke,  Neugebauer,  and  Searle 
upon  completion  of  a  detailed  study  of 
18  representative  Markarian  galaxies. 
For  several  classical  Seyfert  galaxies  in 
this  group,  the  investigators  found  that 
the  integrated  spectrum  consists  of  three 
components.  These  are  the  integrated 
light  of  stars,  the  line  emission  from  a 
gas,  and  emission  both  in  permitted  lines 
and  in  a  nonthermal  continuum  from  a 
third  component  that  closely  resembles  a 
typical  quasar. 

In  observing  quasars  of  increasing  red- 
shift  (longer  light-travel  times)  we  are 
sampling  objects  at  earlier  stages  in  the 
expansion  of  the  universe.  Only  a  very 
few  observed  quasars  have  redshifts 
larger  than  2.5,  a  number  that  refers  to 
an  epoch  only  about  one  to  two  billion 


years  after  the  start  of  the  universal  ex- 
pansion. Schmidt  finds  that  the  density 
of  quasars  in  co-moving  space  increases 
very  rapidly  as  we  look  back  in  time  (or 
measure  larger  redshift)  up  to  the  limit 
z  =  2.5.  The  co-moving  space  density  of 
quasars  may  be  simply  expressed  as  pro- 
portional to  105T.  In  this  expression,  t  is 
the  lookback  time  in  terms  of  the  age  of 
the  universe  as  the  unit.  In  other  words, 
the  space  density  of  quasars  was  perhaps 
20,000  times  greater  when  the  universe 
had  an  age  of  one  to  two  billion  years 
than  it  is  now  at  an  age  of  10  to  15  bil- 
lion years. 

Facilities 

The  facilities  of  the  Hale  Observatories 
have  been  in  much  demand  by  the  18 
active  staff  members,  2  staff  associates, 
7  research  fellows,  37  guest  investigators 
from  other  institutions,  and  numerous 
graduate  students  from  Caltech.  The  use 
of  the  various  telescopes  by  observers  in 
these  categories  is  illustrated  in  Fig.  1  for 
the  years  1965  to  1972.  It  may  be  noted 
that  for  1972  about  20%  of  the  time  of 
the  200-inch  telescope  has  been  allotted 
to  guest  investigators,  while  allotments  to 
staff  members  have  invariably  been 
smaller  than  the  corresponding  requests. 

Within  the  year  the  new  60-inch  tele- 
scope at  Palomar  went  into  regular  use. 
An  important  new  facility  that  will  fill 
many  requirements  for  a  well-instru- 
mented telescope  at  an  excellent  dark-sky 
location,  it  was  funded  by  a  grant  from 
the  National  Science  Foundation  to  the 
Carnegie  Institution  and  is  housed  in  the 
Oscar  G.  Mayer  Memorial  Building. 

At  the  Las  Campanas  Observatory  in 
Chile,  being  built  by  the  Carnegie  In- 
stitution to  augment  the  facilities  of  the 
Hale  Observatories,  the  new  40-inch  tele- 
scope went  into  regular  operation  and 
much  progress  was  made  on  various  as- 
pects of  site  development.  At  the  same 
time,  under  the  guidance  of  Rule  as  Proj- 
ect Officer,  design  and  construction  of  the 
100-inch  du  Pont  Telescope  proceeded  on 
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TIME  ASSIGNMENTS  AT  TELESCOPES 
OF  THE  HALE  OBSERVATORIES 
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Fig.  1.    Time  assignments  at  telescopes  of  the  Hale  Observatories,   1965-1971. 


schedule.  Shipping  of  the  telescope  to 
Chile  for  erection  in  the  new  dome  is 
slated  for  January  1974. 

Other  Activities 

Greenstein  served  for  two  years  as 
chairman  of  a  committee  of  23  American 
scientists  that  produced  for  the  National 
Academy  of  Sciences  a  study  entitled 
"Astronomy  and  Astrophysics  for  the 
Seventies."  Together  with  a  hundred 
technical  panel  members,  the  Steering 
Committee  prepared  an  outline  of  the 


present  status  of  the  science  and  major 
trends  in  instrumentation  and  theory  in 
order  to  predict  the  principal  goals  of  the 
next  decade.  A  detailed  program  in 
optical,  radio,  and  space  astronomy  was 
arrived  at,  with  assigned  priorities  for  the 
assistance  of  federal  agencies  and  the 
universities  and  private  observatories  of 
the  country.  In  the  Survey  Report,  a 
major  emphasis  is  placed  on  the  great 
contribution  of  modern  electronic  auxil- 
iaries to  the  efficiency  and  capability  of 
basic  telescopes.  For  photometric  pur- 
poses,   image    intensifiers    and    modern 
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photoelectric  systems  increase  the  light- 
gathering  efficiency  of  large  telescopes 
manyfold.  The  importance  of  continued 
application  of  the  most  modern  technol- 


ogy to  our  large  instruments  is  of  vital 
importance.  The  second  volume  of  the 
Survey,  containing  technical  panel  re- 
ports, is  in  preparation. 


OBSERVING    CONDITIONS 


Mount  Wilson  had  the  second  driest 
year  on  record  since  1904,  with  only  12.69 
inches  of  precipitation.  Total  snowfall 
for  the  year  was  25.5  inches.  At  Palomar 
Mountain  the  total  precipitation  was 
19.45  inches,  with  21  inches  of  snow. 
Temperature  extremes  were  100°  and 
13°F. 

Observations  with  the  100-inch  tele- 
scope on  Mount  Wilson  were  made  on 
249  complete  nights  and  74  partial  nights 
for  a  total  of  2911  hours.  The  tabulation 
below  refers  to  the  use  of  the  200-inch 
Hale  Telescope  for  the  report  year;  the 
total  hours  of  observation  include  a  sub- 
stantial amount  of  twilight  time  that  was 


TABLE  1.  Observations 


Number  of 

1971-72 

Complete 

Partial 

Hours 

Nights 

Nights 

Observed 

July 

30 

1 

281.8 

August 

23 

6 

245.0 

September 

29 

1 

307.4 

October 

25 

2 

289.7 

November 

22 

2 

239.2 

December 

14 

5 

186.3 

January 

28 

2 

330.4 

February 

22 

6 

262.9 

March 

30 

317.8 

April 

24 

5 

254.3 

May 

25 

3 

261.2 

June 

21 

7 

257.1 

Totals 

293 

40 

3,233.1 

used  for  infrared  observations  and  special 
programs  not  requiring  a  dark  sky. 


PHYSICS    OF    THE    SUN 


Systematic  observations  of  the  sun  con- 
tinue at  Mount  Wilson  under  the  super- 
vision of  Howard  and  at  Big  Bear  under 
the  supervision  of  Zirin.  Between  June  1, 
1971,  and  May  31,  1972,  the  following 
observations  were  obtained  at  Mount 
Wilson: 

Direct  photographs  328 

Ha  spectroheliograms,  30-foot  focus  613 

K2  spectroheliograms,  30-foot  focus  604 

Full-disk  magnetograms  286 

Sunspot  drawings  309 

The  magnetograms  continue  to  be  the 
most  important  of  these  observations. 
The  data  analysis  for  the  magnetograms 
is  done  entirely  on  the  Raytheon  703 
digital  computer  located  at  Santa  Bar- 
bara Street.  This  machine  will  be  moved 
to  Mount  Wilson  during  the  next  year  to 
provide  real-time  data  reduction  and  to 
provide  for  scanning  and  data  acquisition 
at  the  150-foot  tower  telescope. 


The  daily  magnetograms  are  published 
monthly  in  the  National  Oceanic  and  At- 
mospheric Administration  bulletin  Solar 
Geophysical  Data.  The  synoptic  charts 
of  solar  magnetic  fields  are  published  in 
the  International  Astronomical  Union 
publication  Quarterly  Bulletin  on  Solar 
Activity. 

At  the  Big  Bear  Solar  Observatory 
various  instrumental  improvements  were 
made  by  Pope,  resulting  in  better  image 
quality.  A  new  0.3  A  K-line  filter  and  a 
15  A  Chapman  filter  (A3835)  were  put  to 
use;  in  all,  117,000  feet  of  cinematogram 
films  were  obtained  in  various  wave- 
lengths. The  full  disk  was  monitored 
almost  continuously  from  August  1  on- 
ward. 

A  videomagnetograph  devised  by 
Leighton  and  built  by  Smithson  was  in- 
stalled on  one  of  the  10-inch  refractors. 
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Solar  Flares 

Zirin  has  continued  his  studies  of  solar 
flares,  with  a  primary  emphasis  on  the 
process  of  magnetic  field  recombination 
as  a  source  of  flare  energy.  A  number  of 
instances  have  been  found  in  which  the 
magnetic  energy  of  active  sunspot  regions 
is  reduced  during  the  occurrence  of  a 
flare,  i.e.,  one  sees  the  magnetic  configura- 
tion of  the  region  assume  a  simpler  pat- 
tern. In  some  cases,  crossing  of  fibrils  has 
been  noted  as  conducive  to  flare  occur- 
rence, thus  confirming  earlier  findings  of 
Severny. 

A  detailed  case  of  such  magnetic-field 
recombination  was  found  in  the  circum- 
stances leading  to  the  large  flare  of  Jan- 
uary 24,  1971.  Here  a  new  sunspot  group 
arose  behind  another,  and  shortly  there- 
after flares  began  to  occur  near  the 
boundary.  Fibrils  were  observed  linking 
the  preceding  spot  of  the  second  group 
with  the  following  group  of  the  first,  and 
several  flares  showed  branches  at  both 
spots.  Thus  the  phenomenon  of  recon- 
nection  between  these  spot  groups  was 
important  in  leading  to  flare  occurrence. 

A  series  of  films  was  taken  simultane- 
ously in  Ha,  which  shows  the  upper 
chromosphere,  and  in  the  continuum  near 
A3835,  in  which  the  bright  network  at  the 
bottom  of  the  chromosphere  is  seen.  Sev- 
eral flares  observed  in  Ha  showed  no 
accompanying  brightening  in  A3835.  It 
was  deduced  from  existing  photospheric 
models  that  the  temperature  increase  in 
the  heights  examined  at  A3835  (about 
300  km  up  in  the  chromosphere)  was  less 
than  10°.  A  number  of  models  set  forth 
recently  invoke  selective  heating  of  the 
chromosphere  by  back  conduction  from 
the  corona.  A  solar  flare  would  certainly 
be  capable  of  producing  such  heating. 
Since  it  is  not  observed,  one  concludes 
that  the  emissivity  of  the  lower  chromo- 
sphere is  so  great  that  heat  coming  from 
above  is  unimportant. 


Large-Scale  Velocity  Fields 

One  of  the  problems  concerning  large- 
scale  velocity  fields  on  the  sun  relates  to 
the  nature  of  the  apparent  downward 
motion  over  active  regions.  The  vertical 
density  gradient  is  so  great  that  to  con- 
serve mass  the  0.25  km  s"1  downward 
motion  at  the  photospheric  level  would 
have  to  be  250  km  s'1  in  the  chromo- 
sphere— an  impossibly  high  velocity.  In 
order  to  investigate  this  problem,  Howard 
examined  Dopplergrams  from  observa- 
tions obtained  by  Cragg  of  the  solar  disk 
in  the  A5250  line  of  Fe  I  and  in  the  line 
A5235  of  Fe  II.  If  the  apparent  down- 
ward motion  were  due  to  velocity-bright- 
ness coupling  in  a  multistream  model, 
similar  to  the  limb  redshift,  this  should 
have  been  obvious  from  these  observa- 
tions because  in  regions  where  one  line  is 
weakened  the  other  should  be  strength- 
ened. The  observations  showed,  however, 
that  there  was  no  difference  between  the 
two  lines,  in  the  appearance  of  the  down- 
ward motion  over  active  regions,  so  the 
possibility  remains  that  a  real  large-scale 
downward  flow  of  material  is  involved. 

Small-Scale  Magnetic  Fields 

In  an  effort  to  investigate  the  distribu- 
tion of  magnetic-field  strengths  on  the 
small  scale,  Howard  and  Dr.  J.  O.  Stenflo 
of  the  Astronomical  Observatory,  Lund, 
Sweden,  analyzed  a  number  of  magneto- 
grams  taken  during  1970  in  the  Fe  I  lines 
A5250  and  A5233.  These  two  lines  behave 
differently  in  the  small  hot  regions  where 
magnetic-field  lines  are  clustered  in  the 
solar  atmosphere.  From  a  study  of  the 
magnetic-field  strengths  and  fluxes  meas- 
ured in  the  two  lines  on  the  same  days,  it 
was  possible  to  determine  that  essentially 
all  the  magnetic-field  lines  of  the  sun 
occur  in  small  bundles  within  which  the 
field  strength  is  several  hundred  gauss. 
There  was  no  evidence  for  a  weak,  widely 
distributed  field.  Field  strengths  of  a  few 
tens  of  gauss  or  less  are  measured  with 
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the  magnetograph,  but  this  is  the  effect  of 
the  large  size  of  the  entrance  aperture. 

Intensity  Variations 

Bhatnagar  and  Tanaka  developed  a 
new  technique  for  measuring  intensity 
variations  and  off-band  Ha  filtergram 
movies.  They  found  that  period  of  oscil- 
lations is  170  ±  44  sec  in  the  supergranu- 
lation  cells  and  300  ±  50  sec  in  plages 
and  boundaries  of  supergranulation  cells. 
Umbras  showed  steady  oscillations  with 
a  period  of  150  ±  50  sec.  Tanaka  studied 
plage  oscillations  in  Ha  more  extensively 
and  showed  that  the  5-min  oscillations 
sometimes  become  coherent  in  phase  over 
areas  as  large  as  50,000  km2.  Statistics 
revealed  that  coherent  oscillations  tend 
to  appear  associated  with  flares. 

Active  Regions 

Pasachoff  studied  the  flare  and  eruptive 
spray  event  photographed  in  Ha  near  the 
solar  limb  at  Big  Bear  on  22  May  1970. 
He  measured  velocity  fields  in  the  spray. 
With  T.  Kuiper  of  the  University  of 
Maryland,  he  compared  the  Ha  events 
with  Type  III  radio  bursts  recorded  be- 
tween 30  and  60  MHz  at  the  Clark  Lake 
Radio  Observatory.  They  found  small 
impulsive  Ha  events  that  occurred  within 
1  minute  of  each  of  the  many  Type  III 
radio  events  that  occurred  that  day  in 
this  active  region. 

Prata  studied  some  aspects  of  flare 
properties  as  they  related  to  magnetic 
boundary  morphology.  Flares  often  begin 
near  lines  of  zero  vertical  magnetic  field. 
The  magnetic  field  may  be  either  parallel 
to  or  transverse  to  the  boundary  between 
areas  of  opposite  magnetic  polarity,  and 
the  two  morphological  types  can  be  dis- 
tinguished in  high-resolution  Ha  pictures. 
Using  Ha  films  from  1970  to  study  a 
sample  of  75  flares  that  could  be  associ- 
ated with  one  or  the  other  type  of  bound- 
ary, Prata  found  no  significant  differ- 
ences in  optical  importance,  X-ray  im- 
portance,   radio    importance,   or    X-ray 


hardness  between  flares  associated  with 
the  two  boundary  types. 

Foukal  studied  the  differential  rotation 
data  reported  by  Howard  three  years  ago 
(Year  Book  68,  p.  106).  (The  rotation 
rate  of  the  visible  layers  of  the  photo- 
sphere is  nearly  5%  slower  than  that  of 
sunspots.)  Some  consequences  of  drag- 
ging flux  tubes  of  finite  conductivity 
through  the  photosphere  were  explored, 
and  it  was  concluded  that  the  dissipation 
on  this  model  was  compatible  with  the 
accepted  values  of  the  solar  rotational 
energy.  It  was  also  suggested  that  facular 
heating  could  be  produced  in  the  relative 
motion  of  flux  tubes  and  plasma  if  the 
flux-tube  diameter  were  below  a  critical 
cross  section. 

Foukal  is  also  studying  the  large-scale 
geometry  of  the  solar  field,  using  a  full- 
sun  photospheric  magnetogram  of  the 
longitudinal  field  component  together 
with  nearly  simultaneous  Ha  filtergrams 
and  high-resolution  X-ray  filtergrams. 

Chromospheric  Structure 

Pasachoff  continued  research  on  solar 
fine  structure.  Spicules  at  the  limb  have 
been  observed  in  only  a  few  spectral  lines, 
mostly  those  of  neutral  atoms  with  the 
important  exception  of  the  resonance 
lines  and  infrared  triplet  of  ionized  cal- 
cium. He  used  the  16-inch  coronagraph 
and  the  13-meter  Littrow  spectrograph  of 
the  Sacramento  Peak  Observatory  to  ob- 
serve ultraviolet  lines  of  ionized  titanium 
and  strontium  at  the  limb.  The  lines  have 
profiles  that  are  much  broader  than  would 
be  expected  on  the  basis  of  their  atomic 
weights,  possibly  indicating  a  broadening 
mechanism  for  ions  linked  to  the  spicular 
magnetic  fields. 

Prominence  spectra  at  high  dispersion 
in  the  H,  K,  He,  and  D3  lines  were  ob- 
tained by  Pasachoff  at  the  Sacramento 
Peak  Observatory.  These  observations 
were  coordinated  with  filtergrams  taken 
at  Sacramento  Peak  and  at  Big  Bear  and 
will  be  used  to  study  prominence  velocity 
fields. 
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Pasachoff  began  reducing  a  series  of 
ultraviolet  spectra  of  the  solar  limb  taken 
at  high  dispersion  by  Jacques  M.  Beckers 
with  the  new  vacuum  tower  telescope  at 
the  Sacramento  Peak  Observatory.  These 
data  enable  categorization  of  types  of 
emission  structures  as  functions  of  ele- 
ment, ionization  potential,  and  excitation 
level  and  will  lead  to  a  supplement  to  the 
chromospheric  atlas  of  Pierce. 

The  McMath  Solar  Telescope  at  the 
Kitt  Peak  National  Observatory  was 
used  by  Pasachoff  to  observe  spicular 
structure  in  the  infrared  triplet  of  neutral 
oxygen.  He  also  studied  fine  structure  in 
the  K  line  of  Ca  II  at  different  positions 
on  the  solar  disk. 

Foukal  has  conducted  a  simple  3-cm 
solar  radio  experiment  at  Owens  Valley 
Radio  Observatory.  The  130-foot  dish 
with  3  arc-min  resolution  was  used  to 
study  the  time  correlation  of  transient 
Ha  features  and  small-amplitude  3-cm 
bursts.  The  statistics  are  poor,  but  the 
tentative  conclusion  is  that  small  bursts 
are  about  as  hot  (Te . —  106)  as  large  flare 


bursts.  This  suggests  that  the  burst- 
amplitude  is  simply  a  rough  measure  of 
the  projected  area  of  the  radio  event  as 
long  as  the  volume  is  large  enough  to  be 
optically  thick. 

Stein  Waves 

Alan  Stein,  a  Caltech  undergraduate, 
noticed  a  hitherto  unobserved  phenom- 
enon of  concentric  running  penumbral 
waves  on  a  Big  Bear  film  he  was  print- 
ing. The  waves  are  seen  in  Ha  in  most 
quiet  spot  penumbrae  when  the  seeing  is 
good.  Subsequent  study  by  Zirin,  Ta- 
naka,  and  Stein  showed  that  the  waves 
move  with  constant  velocity  of  about  10 
km  s"1  outward  through  the  penumbra  at 
intervals  of  about  280  sec  (but  as  often 
as  200  sec  in  some  spots) .  They  appear 
to  have  some  connection  with  "umbral 
flashes,"  bright  oscillations  in  the  sun- 
spot  umbra  found  by  Beckers  and  Tal- 
lant.  The  period  of  the  umbral  flashes  is 
about  150  sec,  half  that  of  the  running 
penumbral  waves. 


PLANETS 


Mars 


The  attempt  by  Munch  to  detect  oxy- 
gen in  the  planet's  atmosphere  through 
interferometric  observations  of  the  A- 
band  was  continued  in  September  1971. 
At  that  time  the  relative  Doppler  shift 
was  too  small  to  permit  detection  of  Mar- 
tian lines  with  strength  comparable  to 
those  detected  before  opposition  {Year 
Book  70,  p.  399).  The  observations  veri- 
fied this  expectation,  for  at  the  wave- 
length of  the  line  detected  earlier  no  fea- 
ture was  found.  Observations  attempted 
at  a  later  date  were  unsuccessful  because 
of  equipment  failure.  Thus,  only  the 
preopposition  observations  provide  some 
confirmation  of  the  positive  detections  of 
O2  in  Mars  recently  announced  by  Traub 
and  Carleton  and  by  Barker  (Bull.  Amer- 
ican Astron.  Soc.,  4, 371, 1972) . 


Jupiter 


A  new  series  of  spectral  scans  of  the 
North  Equatorial  Belt  of  Jupiter  in  the 
5-micron  region  was  obtained  by  Munch, 
Neugebauer,  and  Porter  in  June  and  July 
1971.  The  resolving  power  used  was 
again  180,  but  the  spectra  have  a  much 
higher  signal-to-noise  ratio  than  those 
obtained  a  year  earlier.  Each  of  these 
spectra,  compared  to  that  of  stars  at  ap- 
proximately the  same  air  mass,  shows 
clearly  the  feature  at  4.73  ju.  discovered 
earlier  (Science,  174,  940,  1971)  and  sub- 
sequently identified  by  Beer  et  al.  (Sci- 
ence, 175,  1360,  1972)  as  the  P-branch  of 
the  vi  parallel  band  of  CH3D.  The  1971 
series  of  spectra  also  shows  the  R-branch 
of  the  same  band.  However,  the  general 
shape  of  the  energy  spectrum  over  the 
entire   4.6-5.1    n   range,    after   approxi- 
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mate  allowance  is  made  for  the  CH3D 
features,  does  not  conform  to  that  of  a 
blackbody.  Longward  of  4.9  //,  there  ap- 
pears to  be  a  broad  and  shallow  absorp- 
tion feature  with  no  discernible  structure. 

A  program  to  study  the  conditions  un- 
der which  planetary  images  degraded  by 
seeing  can  be  profitably  filtered  and  en- 
hanced by  Fourier  transform  digital 
techniques  has  been  started  by  Munch  in 
collaboration  with  Dr.  Paul  Richter  of 
San  Fernando  Valley  State  College.  To 
begin  this  program,  a  number  of  direct 
images  of  Jupiter  and  Uranus  have  been 
obtained  with  an  image-intensifier  tube, 
using  a  variety  of  optical  magnifications, 
photographic  emulsions,  and  filters. 
These  images  together  with  seeing- 
control  stellar  patterns  (speckles)  are 
now  being  analyzed. 

Westphal  with  Dr.  Fred  Gillett  of  the 
University  of  California  at  San  Diego  has 
observed  Jupiter  in  a  narrow  wavelength 
band  near  8  p.  with  the  200-inch  telescope 
and  found  strong  limb-brightening.  This 
observation  confirms  the  presence  of  the 
thermal  inversion  near  the  150°  K  level 
in  the  Jovian  atmosphere,  which  was  pro- 
posed by  Gillett,  Low,  and  Stein  based 
on  their  7-13  /x  brightness-temperature 
measurements. 

Westphal  is  continuing  his  study  of  the 
5  p  localized  emission  of  Jupiter  to  deter- 
mine the  lifetimes  and  limb-darkening 
properties  of  individual  spots.  Prelimi- 
nary reduction  of  the  data  indicates  two 
distinct  families  of  anomalies  with  quite 
different  limb-darkening  properties. 

As  mentioned  in  the  Instrumentation 
Section,  Westphal  has  been  using  the  sil- 
icon vidicon  system  to  make  photometric 
maps  of  Jupiter,  Saturn,  and  Uranus  at 
8870  A  and  8350  A.  These  data  are 
related  to  the  elevation  of  the  "clouds" 
or  scattering  layers  in  the  atmosphere.  If 
one  assumes  that  the  albedo  of  the  scat- 
tering particles  does  not  change  signifi- 
cantly between  8350  A  and  8870  A,  then 
the  areas  that  are  higher  will  have  suf- 
fered  less   absorption    from   the   atmos- 


pheric methane  and  will  appear  brighter 
at  8870  A  relative  to  8300  A  than  lower 
areas.  Qualitative  photographic  studies 
have  been  made  by  Munch  and  others  in 
the  past.  The  vidicon  system  should  al- 
low quantitative  data  to  be  obtained 
rapidly  for  the  whole  visible  disk. 

Hansen  completed  his  doctoral  thesis 
based  on  a  study  of  the  Jovian  satellites 
in  the  thermal  infrared.  He  found  that 
the  inner  three  satellites  are  covered  by  a 
thin  (=«  mm)  layer  of  relatively  non- 
conducting material  which  has  different 
properties  on  each  of  the  satellites.  These 
results  were  obtained  by  observing  the 
cooling  and  heating  of  the  satellites  as 
they  went  into  and  out  of  eclipse  by  the 
shadow  of  Jupiter.  The  observations  were 
obtained  with  the  200-inch  telescope  dur- 
ing twilight. 

Saturn 

With  the  same  spectrometer  used  for 
the  5  jx  study  of  Jupiter,  Munch,  Neuge- 
bauer,  and  Porter  obtained  spectra  of  the 
equatorial  belt  of  Saturn.  Because  of 
insufficient  signal-to-noise  ratio,  it  has 
not  been  possible  so  far  to  ascertain  the 
presence  or  absence  of  the  CH3D  absorp- 
tion feature  at  4.73  //,.  Additional  obser- 
vations are  planned  for  the  forthcoming 
opposition. 

Uranus  and  Neptune 

The  near-infrared  spectra  of  Uranus 
and  Neptune  are  being  studied  by  Munch 
with  a  40-mm  ITT  magnetically  focused 
image-intensifier  tube  having  S-25  re- 
sponse and  fiber  optics  output.  This  tube 
provides  an  effective  gain  in  speed  of 
about  50  over  direct  photographic  emul- 
sions in  the  range  longward  of  A8000. 
Accordingly,  the  fainter  major  planets 
can  now  be  studied  in  this  region  with  a 
spectral  resolution  comparable  to  that 
used  heretofore  for  Jupiter  and  Saturn. 
The  immediate  objectives  of  the  study 
are  the  quadrupole  lines  of  H2  in  the 
(3,0)  and  (4,0)  bands. 
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White  Dwarfs 

Oke's  earlier  program  is  being  extended 
to  obtain  more  accurate  spectral-energy 
distribution  data  for  selected  objectives. 
The  white  dwarf  van  Maanen  2  has  been 
observed  with  the  highest  possible  scan- 
ner resolution,  and  a  highly  detailed  rec- 
ord of  energy  distribution  has  been  ob- 
tained. Among  other  stars  observed  are 
GD  140  (DA,  weak  lines),  W  1346  (DA, 
strong  Balmer  lines),  GD  190  (DB, 
strong  helium  lines) ,  and  Ross  627  (DF) . 

The  high-resolution  magnetically 
focused  image  tube  at  the  coude  of  the 
Hale  reflector  has  made  it  possible  for 
Greenstein  to  observe  line  profiles  of  Ha 
and  H/3  in  two  white  dwarfs,  40  Eridani 
B  (with  V.  Trimble)  and  Wolf  1346.  The 
direct  measurement  of  the  redshift  of  40 
Eri  B  confirms  Popper's  value  almost 
exactly  and  is  consistent  with  the  mass- 
radius  relation.  In  both  these  stars  the 
very  broad  white-dwarf  lines  have 
superposed  sharp  cores  that  are  less  than 
2  A  wide.  This  sets  an  upper  limit  to  the 
rotation  of  these  objects.  Deane  Peterson 
has  suggested  that  such  cores  are  pro- 
duced by  non-LTE  effects,  and  he  will 
convolute  theoretical  profiles  with  rota- 
tion to  set  a  definite  upper  limit  to  the 
rotation.  But  there  is  little  doubt  that 
white  dwarfs  have  lost  any  large  angular 
momentum  their  interiors  may  have  had 
initially. 

A  search  for  further  interesting  white 
dwarfs  with  peculiar  spectra  has  been 
nonproductive;  a  large  majority  of  the 
newly  discovered  white  dwarfs  proved  to 
be  of  spectral  type  CA  with  Balmer  lines 
of  increasing  sharpness  among  the  yel- 
lower and  intrinsically  fainter  stars.  New 
helium  white  dwarfs  include  Tonantzintla 
10,  GD  479,  and  G  200-39.  One  sus- 
pected DC  star,  G  57-29  (EG  85),  proves 
to  have  a  spectral  type  DF  rather  than 
DC. 

A  measurement  of  the  velocity  of  the 
cool  DG  star  van  Maanen  2  (EG  5)  has 


given  a  +39  ±  4  km  s-1  from  15  spectra. 
This  is  much  smaller  than  the  original 
high  positive  velocity  reported  from  early 
60-inch  spectra. 

Using  a  Zeeman  analyzer  with  the  200- 
inch  prime-focus  spectrograph,  Green- 
stein tested  five  hydrogen-line  white 
dwarfs  (DA)  for  magnetic  fields.  His 
negative  result  confirmed  Babcock's  1948 
test  of  40  Eri  B.  The  suggested  upper 
limit  is  of  the  order  of  105  gauss.  An 
attempt  was  made  also  to  measure  the  un- 
identified A4135  feature  in  +70°8247 
with  a  Zeeman  analyzer,  also  with  nega- 
tive results.  This  band  has  a  core  suffi- 
ciently sharp  to  permit  wavelength  meas- 
urements apparently  consistent  with  1  A. 
There  is  some  evidence  that  the  profile  of 
A4135  changes  with  circular  polarization. 

Highly  Evolved  Stars 

The  central  stars  of  a  few  planetary 
nebulae  (e.g.,  NGC  246)  have  been  found 
to  be  unexpectedly  bright  and  of  appar- 
ently late  type.  The  central  star  of  NGC 
1514  was  classified  as  A0,  although  the 
star's  continuum  was  known  to  be  com- 
posite. Coude  spectra  by  Greenstein 
show  the  presence  of  stellar  He  II  absorp- 
tion, making  it  possible  to  resolve  the 
stellar  continuum  into  that  of  a  horizon- 
tal-branch A  star  and  a  subluminous  O 
star.  Since  the  O  star  is  at  least  2  mag 
fainter  visually  than  the  A  star,  the  sur- 
face gravity  of  the  latter  can  be  derived 
from  its  hydrogen-line  profiles  by  stand- 
ard methods.  The  absolute  visual  mag- 
nitude is  +0.8.  The  deduced  bolometric 
magnitude  for  the  O  star  is  then  — 3.8, 
typical  of  a  normal  planetary  nucleus. 

A  long-standing  mystery  concerning  an 
apparently  normal  B  star  high  above  the 
galactic  plane  has  been  solved  by  the 
recent  discovery  by  Young,  Nelson,  and 
Mielbrecht  of  the  rapid  light  variation  of 
Humason-Zwicky  22  (also  known  as  VX 
Canum  Venaticorum) .  The  large  radial 
velocity  amplitude   (130  km  s"1)   and  a 
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previous  incorrect  period  near  3.5  days 
had  suggested  the  star  to  be  a  runaway 
normal  B  star  of  high  mass.  The  short 
period  reduces  the  mass  function ;  Green- 
stein  believes  that  the  only  reasonable 
interpretation  from  the  photometric  and 
spectroscopic  elements  is  that  the  invisi- 
ble object  is  a  white  dwarf  and  that  the 
primary  B  star  has  very  low  mass.  No 
emission  lines  are  present;  neither  star  is 
at  present  undergoing  mass  exchange  or 
mass  loss.  Nevertheless,  the  sum  of 
masses  is  less  than  1.05  9TCG,  the  appar- 
ently normal  B  star  having  a  mass  of  at 
most  0.55  91XG  and  the  white  dwarf  0.50 
9TC0  or  less.  The  separation  is  then  such 
that  no  mass  exchange  occurs  at  present. 
The  evolutionary  history  of  such  an  ob- 
ject is  clearly  of  great  interest.  One-half 
or  two-thirds  of  the  total  mass  has  been 
lost  into  space.  The  B  star  has  the  normal 
helium-to-hydrogen  ratio  as  determined 
from  the  singlet/triplet  ratio  and  the 
strength  of  the  helium  lines.  In  addition, 
a  weak  background  of  lines  of  O  II  is 
seen.  Thus  the  B  star  mimics  in  almost 
every  way  a  normal  B  star  of  the  same 
temperature  but  of  20  times  higher  mass. 
Its  luminosity  is  actually  near  that  of  the 
horizontal-branch  stars.  This  is  presum- 
ably an  accident;  it  is  improbable  that  an 
equilibrium  series  of  configurations  would 
bring  the  B  star  to  its  present  mass,  lumi- 
nosity, and  radius  without  mass  ex- 
change. Careful  spectrophotometry 
around  the  orbit  shows  no  effect  of  the 
secondary,  in  agreement  with  the  light 
curve  by  Young,  Nelson,  and  Mielbrecht. 
Greenstein  concludes  that  probably  the  B 
star  has  a  mass  as  low  as  0.26  9TC0  to 
0.40  3Tl0. 

Photoelectric  Measurement  of  Stellar 
Magnetic  Fields 

Borra,  Landstreet,  and  Vaughan  made 
a  search  for  magnetic  fields  in  20  bright 
stars  by  using  a  photoelectric  polarimeter 
and  line-profile  scanner  on  the  coude 
spectrograph  of  the  100-inch  telescope. 
The  star  y  Cygni  reported  by  Severny  to 


be  magnetic  appears  to  have  a  longitu- 
dinal field  of  the  order  of  100  gauss. 
There  is  some  evidence  for  a  longitudinal 
field  of  similar  magnitude  in  a  Arietis 
and  a  Aurigae.  High-resolution  polari- 
metric  observations  of  a2  Librae,  Sirius, 
f3  Coronae  Borealis,  and  i  Coronae  Bore- 
alis  have  been  obtained  with  the  aid  of  a 
Fabry-Perot  interferometer.  An  upper 
limit  of  10  gauss  is  indicated  for  Sirius. 
The  observations  and  further  develop- 
ment of  the  instrumentation  are  con- 
tinuing with  the  aim  of  sampling  larger 
numbers  of  stars  not  now  known  to  be 
magnetic  and  of  providing  quantitative 
Zeeman-analyzed  line  profiles  in  mag- 
netic stars  for  comparison  with  the  pre- 
dictions of  models. 

Magnetic  Stars 

Preston  in  collaboration  with  Sidney 
Wolff  of  the  University  of  Hawaii  re- 
cently derived  a  period  of  23  years  for  the 
light,  spectrum,  and  magnetic  variation 
of  HD  9996.  Among  the  fragments  of 
evidence  that  led  to  this  extraordinarily 
long  period  was  a  slow  and  rather  uncer- 
tain decline  in  effective  field  from  +300 
gauss  in  1966  to  +100  gauss  in  1967. 
Zeeman  spectrograms  obtained  by  Pres- 
ton in  1970  and  1971  yield  effective  fields 
of  —700  gauss  and  — 900  gauss,  respec- 
tively, thus  confirming  the  slow  decline 
reported  earlier.  The  average  rate  of 
change  of  helium  from  1966  through  1971 
was  — 0.75  gauss  day"1. 

Preston  is  using  the  coude  scanner  of 
the  100-inch  telescope  to  measure  the 
broad,  shallow  Ca  II  K-line  profiles  that 
are  known  to  occur  in  many  of  the  cooler 
magnetic  Ap  stars,  and  to  look  for  such 
profiles  in  those  stars  (e.g.,  17  Comae 
Berenices  A,  78  Virginis,  and  52  Her- 
culis)  for  which  there  exists  only  the 
indirect  evidence  provided  by  Henry's 
fc-index.  Preston  proposes  to  test  the 
hypothesis  that  these  abnormal  profiles 
are  produced  by  large  concentrations  of 
Ca  II  in  restricted  portions  of  the  stellar 
surface  layers. 
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Faraggiana  of  the  Trieste  Observatory 
recently  reported  a  slow  variation  in  the 
radial  velocity  of  53  Camelopardalis  sug- 
gestive of  binary  motion.  The  late  Armin 
Deutsch  had  discovered  the  binary  nature 
of  53  Cam  several  years  ago  and  derived 
the  preliminary  orbital  elements:  P  = 
2440  days,  K  =  10  km  s"1,  Vy  =  —2.5 
km  s"1,  e  =  0.7,  and  <o  =  0°.  The  next 
velocity  maximum  should  occur  in  June 
1974.  Preston  and  Louise  Lowen  have 
assembled  all  radial-velocity  data  on  53 
Cam  available  to  them  and  are  preparing 
this  material  for  publication. 

Mercury  Stars 

Preston,  Vaughan,  White,  and  J.  P. 
Swings  have  undertaken  an  extensive  in- 
vestigation of  the  Hg  stars.  The  wave- 
length of  Hg  II  A3984  has  been  measured 
on  nearly  300  spectrograms  (dispersion 
4.5  A  mm"1)  of  some  30  Hg  stars  with 
projected  rotational  velocities  less  than 
about  30  km  s"1.  The  average  measured 
wavelengths  for  individual  stars  range 
from  3983.93  to  3984.06  A,  with  typical 
standard  deviations  of  ±0.01  A.  The 
upper  and  lower  limits  of  this  range  cor- 
respond approximately  to  the  wavelength 
of  A3984  for  mercury  isotopes  201  and 
204.  Furthermore,  a  remarkable  corre- 
lation has  been  found  between  the  Hg  II 
wavelength  and  effective  temperature  as 
inferred  by  the  Q  method.  This  correla- 
tion is  consistent  with  the  interpretation 
that  the  hottest  stars  have  approximately 
the  terrestrial  mix  of  Hg  isotopes, 
whereas  the  cooler  stars  are  enriched  in 
the  heavier  isotopes,  especially  Hg  204. 
The  Hg  lines  can  be  measured  in  both 
components  of  two  double-lined  spectro- 
scopic binaries,  41  Eridani  and  46 
Draconis.  In  both  cases  the  binary  com- 
ponents obey  the  correlation  found  for 
single  stars. 

In  order  to  resolve  the  isotopic  struc- 
ture and  to  calibrate  the  centroid  meas- 
urements in  terms  of  isotopic  abundances, 
high-resolution  scans  of  A3984  have  been 


made  for  several  stars  with  a  pressure- 
scanning  Fabry-Perot  interferometer  at 
the  100-inch  coude.  Reduction  of  the 
material  has  not  been  completed,  but 
data  for  t  CrB  indicates  that  the  wave- 
length measurements  on  4.5  A  mm"1 
spectrograms  correspond  to  the  centroids 
of  the  interferometric  profiles. 

In  a  related  project,  Preston,  Vaughan, 
and  White  are  analyzing  the  spectra  of 
the  Hg  stars  to  look  for  other  tempera- 
ture-dependent abundance  effects.  Hy 
profiles  have  been  derived  from  100-inch 
scanner  observations,  while  the  energy 
distributions  on  AA3500-7000  have  been 
measured  with  the  Mount  Wilson  60-inch 
Cassegrain  scanner.  Equivalent  widths 
of  some  60  lines  of  20  elements  have  been 
measured  for  30  stars.  Preliminary  re- 
sults strongly  confirm  the  increase  in  Mn 
abundance  with  Te  reported  by  Margo 
Aller.  No  effect  of  this  kind  has  been 
found  for  any  of  the  other  elements  under 
investigation. 

Radial  velocities  obtained  as  by-prod- 
ucts of  this  study  have  led  to  the  discov- 
ery of  another  Hg  spectroscopic  binary 
(2  Persei,  P  =  5.63  days)  and  to  the 
binary  period  of  HD  1909  (P  =  7.30 
days) .  Weak  lines  of  the  secondary  com- 
ponent of  HR  6620  have  been  detected. 

Preston  has  found  that  a  remarkable 
change  in  the  circumstellar  spectrum  of 
RV  Tauri  star  U  Monocerotis  occurred 
sometime  between  January  1963  and 
October  1971.  Double  circumstellar  ab- 
sorption components  of  the  Ca  II  H  and 
K  lines  that  were  present  in  1963  have 
been  replaced  by  single  strong  absorption 
features  with  an  expansion  velocity  in- 
termediate between  those  of  the  previous 
lines.  Crude  estimates  of  the  dimensions 
of  gas  shells  hypothesized  to  account  for 
the  circumstellar  lines  are  considerably 
larger  than  the  dimensions  of  dust  shells 
hypothesized  to  account  for  the  infrared 
excesses  of  RV  Tau  stars  including  U 
Mon,  observed  by  Gehrz  and  Wolff. 

White  has  extended  the  spectroscopic 
survey  of  the  Hg-Mn  stars  into  the  ultra- 
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violet,  3100  <  A  <  3800  A,  and  the  red, 
6100  <  A  <  6800  A.  The  aim  of  this 
extension  is  twofold:  (1)  to  provide  in- 
formation on  the  abundances  of  elements 
that  do  not  have  detectable  lines  in  the 
blue  or  visual  parts  of  the  spectrum 
(notably  Be,  and  Au  and  Pb,  which  lie 
near  Hg  in  the  periodic  table),  and  (2) 
to  allow  a  search  for  He3,  which  might 
be  detected  through  isotope  shifts  of  He 
I  A6678.  Inspection  of  the  ultraviolet 
plates  has  revealed  strong  Be  II  ab- 
sorption in  t  OB  and  HR  4072 ;  this  runs 
counter  to  the  finding  of  Sargent,  Searle, 
and  Jugaku  that  Be  II  absorption  oc- 
curred only  in  the  hotter  Hg-Mn  stars 
that  exhibit  P  II  and  Ga  II  absorption. 
White  also  has  begun  to  monitor 
changes  of  the  continuous  energy  dis- 
tributions of  the  periodic  magnetic  Ap 
stars,  using  the  Cassegrain  scanner  at 
the  Mount  Wilson  60-inch  telescope.  The 
purpose  of  the  program  is  to  facilitate  a 
choice  among  the  various  models  of  the 
light  variations  that  have  been  proposed 
on  the  basis  of  broad-  or  intermediate- 
band  photometry. 

Early-Type  Stars  and  Compact 
Planetary  Nebulae 

D.  Allen  and  J.  P.  Swings  have  com- 
pleted a  preliminary  infrared  survey  of 
brighter  shell  and  P  Cygni  stars  and 
forbidden-line  objects.  At  1.6,  2.2,  and 
3.5  n  the  majority  of  stars  examined  have 
little  or  no  infrared  excess.  However, 
those  known  to  have  low-excitation  for- 
bidden lines  in  emission  in  their  spectra 
invariably  show  prominent  excesses.  In 
addition,  the  Be  stars  associated  with 
H  II  regions  and  nebulosity  usually  have 
infrared  excesses.  All  but  a  few  of  the 
remaining  stars  were  found  to  have 
either  no  excess  above  the  anticipated 
continuum  or  a  very  small  excess,  proba- 
bly attributable  to  free-free  emission 
from  the  circumstellar  envelope. 

The  survey  was  extended  to  the  stellar 
planetary  nebulae.    Approximately  half 


of  these  showed  infrared  excesses  similar 
to  those  of  the  forbidden-line  stars,  and 
on  subsequent  examination  of  the  spectra 
it  was  found  that  these  resemble  more 
closely  the  bright-line  stars  than  normal 
planetary  nebulae.  A  class  of  bright-line 
objects  with  prominent  infrared  continua 
and  low-excitation  forbidden  emission 
lines  (such  as  MWC  645,  HD  51585)  is 
coming  to  light  as  a  result  of  this  survey 
by  Allen  and  Swings,  and  it  is  interesting 
to  speculate  that  a  small  subset  of  what 
are  currently  classified  as  planetary 
nebulae  is  of  different  nature  and  origin 
from  the  remainder. 

Binary  Hg  and  Mn  Stars 

The  orbits  of  two  Ap  spectroscopic 
binaries  have  been  determined  by 
Dworetsky.  The  Hg-Pt  star  x  Lupi  is  a 
double-lined  binary  with  an  essentially 
circular  orbit  and  a  period  of  15.2565 
days.  This  system  closely  resembles 
another  Hg-Pt  spectroscopic  binary,  HR 
4072,  in  that  the  secondaries  of  both 
appear  to  be  early  Am  stars.  The  orbit 
of  the  manganese  star  53  Tauri  has  been 
determined  also;  the  period  of  4.4521 
days  is  the  shortest  thus  far  found  for  a 
Mn  star. 

Helium-Weak  B  Stars 

Coude  spectrograms  obtained  with  the 
100-inch  and  200-inch  telescopes  have 
been  used  by  Dworetsky  to  show  that 
t  Orionis  B,  a  7.3  mag  He-weak  B  star 
in  the  Sword  of  Orion,  is  an  He3  star  very 
similar  to  3  Centauri  A. 

A  survey  of  all  MK-type  B8  III  and 
B9  III  stars  in  the  list  of  Cowley,  Cowley, 
Jaschek,  and  Jaschek  (Astron.  J.,  74, 
375,  1969)  has  been  started  by  Dworet- 
sky, using  the  100-inch  coude  spectro- 
graph. So  far  one  bright  "new"  Hg-Mn 
star,  HR  562,  has  been  discovered.  This 
result  indicates  the  difficulty  of  identify- 
ing He-weak  stars  and  Mn  stars  at  MK 
classification  dispersions. 
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Coude  spectrograms  of  Kraft's  Y-Cr 
star  (HD  22401)  in  the  a  Persei  cluster 
(The  Magnetic  and  Related  Stars,  R.  C. 
Cameron,  ed.,  Mono  Book  Corporation, 
1967,  p.  303)  obtained  by  Dworetsky 
with  the  100-inch  telescope  show  that  this 
star  is  a  mercury  star;  it  has  the  line  of 
Hg  II  at  A3984.  Analysis  is  hampered  by 
rotational  broadening. 

Platinum  Lines  in  Hg  Stars 

Vaughan  and  Dworetsky  have  ob- 
tained detailed  profiles  of  the  Pt  II  A4046 
absorption  lines  in  two  Hg-Pt  stars,  i 
Coronae  Borealis  and  x  Lupi,  with  the 
Fabry-Perot  interferometer.  The  profiles 
in  the  two  stars  appear  to  be  different  in 
that  the  Pt  line  in  i  CrB  is  resolved  into 
two  components  separated  by  about  0.07 
A,  while  the  Pt  line  in  x  Lup  consists  of 
the  longer  wavelength  component  only,  at 
4046.544  ±  0.005  A.  The  different  profiles 
of  the  line  found  in  the  two  stars  are  in- 
terpreted as  being  due  to  anomalous  stel- 
lar isotopic  compositions  of  Pt. 

Dworetsky  has  measured  the  wave- 
length of  Pt  II  A4046  in  eight  of  the  ten 
known  Hg-Pt  stars  using  4.5  A  mm-1 
plates  obtained  by  Preston  and  Vaughan 
with  the  coude  spectrograph  of  the  200- 
inch  telescope.  The  mean  wavelengths 
range  from  4046.492  to  4046.544  A;  the 
laboratory  wavelength  is  4046.45  A. 
There  is  no  apparent  correlation  between 
the  measured  wavelength  of  the  platinum 
line  and  the  measured  wavelength  of  Hg 
II  A3984  in  the  same  star. 

The  peculiar  nebula  M2-9  (MHa 
362-8)  showing  a  prominent  IR  excess  at 
2.2  fi  was  studied  by  Allen  and  Swings. 
The  nonstellar  core  was  found  to  have  a 
high  density  and  a  spectrum  rich  in  [Fe 
II]  emission  lines,  while,  on  the  basis  of 
photographs  by  R.  Minkowski  and  Arp, 
respectively,  the  brightness  in  the  wings 
was  shown  to  have  varied  between  1952 
and  1971. 

Allen's  near-infrared  survey  of  early- 
type  emission-line  stars  was  brought  to 
its  conclusion  by  the  recovery  of  the  elu- 


sive 14  mag  MWC  819.  Since  such  pho- 
tometry has  proved  a  powerful  tool  in 
locating  sources  (such  as  MWC  819  it- 
self) with  low-excitation  forbidden-line 
spectra,  a  program  was  instituted  by 
Allen  and  Swings  to  study  the  stars  and 
planetary  nebulae  of  the  southern  galac- 
tic plane.  The  40-inch  telescope  at  Cerro 
Las  Campanas  was  employed  first  on  the 
photometry.  Approximately  half  of  the 
planetary  nebulae  examined,  together  with 
several  Be  stars,  were  thereby  selected  for 
spectroscopic  study.  The  Carnegie  image- 
tube  spectrograph  attached  to  the  same 
telescope  was  used  for  this  investigation ; 
it  revealed  many  peculiarities  in  the 
spectra  of  the  objects  having  an  IR 
excess.  Examination  of  the  plates  is  in 
progress. 

Wolf-Rayet  Stars 

Allen,  Harvey,  and  Swings  investigated 
the  near-infrared  continua  of  the  north- 
ern Wolf-Rayet  stars,  finding  consistently 
redder  continua  around  2  p,  for  WC  than 
for  WN  stars.  It  is  hypothesized  that  the 
extremely  red  continua  found  in  stars  of 
the  WC9  class  originate  as  thermal  emis- 
sion from  circumstellar  dust  clouds 
ejected  by  the  stars;  dust  may  also  ac- 
count for  the  redder  continua  of  the  WC 
stars  as  a  whole.  This  work  was  extended 
to  the  southern  Wolf-Rayet  stars  by 
Allen  and  Porter,  using  the  Caltech  in- 
frared equipment  on  the  40-inch  telescope 
at  Cerro  Las  Campanas,  Chile.  The 
principal  results  of  the  northern  Wolf- 
Rayet  stars  were  reproduced.  However, 
two  exceptions  were  recorded:  the  WC 
stars  y2  Velorum  and  6  Muscae  were 
found  to  be  uncommonly  weak  around 
2  /*. 

Symbiotic  Stars  and  VV  Cephei  Stars 

A  survey  by  Allen  and  Swings  of  sym- 
biotic stars  and  VV  Cep  stars  has  shown 
that  the  continua  of  the  majority  of  these 
objects  resemble  those  of  late-type  stars. 
Some  evidence  for  infrared  excesses  has 
been  found  in  three  of  them.  RX  Puppis 
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and  V1016  Cygni  exhibit  very  prominent 
infrared  excesses  that  are  attributed  to 
thermal  radiation  from  circumstellar 
dust. 

Lithium  Abundances 

Zappala  has  been  obtaining  spectro- 
grams at  the  100-inch  coude  for  the  de- 
termination of  lithium  abundances  of 
F5-G5  main-sequence  stars  that  are 
members  of  moving  groups.  These  groups 
may  offer  the  opportunity  to  study  Li 
depletion  in  stars  of  known  age  older  than 
the  Hyades,  in  the  absence  of  nearby 
open  clusters  of  such  ages.  Preliminary 
results,  combined  with  the  small  amount 
of  data  presently  available  in  the  litera- 
ture, are  encouraging  in  the  sense  that 
Hyades  (and  Sirius)  group  abundances 
appear  to  be  in  close  agreement  with 
those  for  the  Hyades  cluster  itself. 

The  Wolf  630  group  has  a  color-mag- 
nitude diagram,  and  presumably  an  age, 
similar  to  that  of  the  old  open  cluster 
M67.  The  age  of  M67  has  been  estimated 
as  high  as  8  X  109  years  and  has  recently 
been  revised  to  about  2  to  3  X  109  years 
by  Torres-Peimbert  (Bol.  Obs.  Tonant- 
zintla  y  Tacubaya,  6,  3,  1971)  in  light  of 
the  higher-than-solar  metal-abundance 
determinations  of  Spinrad  and  Taylor. 
The  Li  abundances  of  solar-type  Wolf 
630  members  observed  by  Zappala  are 
about  a  factor  of  2  less  than  the  Hyades 
group  and  well  above  the  solar  value. 
This  argues  that  the  stars  are  either 
younger  than  the  sun,  began  their  evolu- 
tionary history  with  more  Li  than  the 
sun,  or  have  a  Li-depletion  mechanism 
less  efficient  than  the  solar  one. 

Late  Main-Sequence  Stars: 
Infrared  Observations 

Veeder  has  been  observing  M  dwarfs 
of  known  parallax  in  order  to  define  the 
faint  end  of  the  main  sequence.  He  has 
measured  150  stars  at  1.6  and  2.2  /*;  about 
half  of  these  have  been  bright  enough  to 
measure  also  at  3.4  jx.  Preliminary  results 
show  that  the  main  sequence  for  low- 


velocity  M  dwarfs  is  wider  than  the  main 
sequence  for  earlier  stars.  For  a  given 
[1.6  /*] -[2.2  ft]  color  index,  the  absolute 
bolometric  magnitudes  of  high-velocity 
M  dwarfs  tend  to  be  over  1  mag  fainter 
than  the  low-velocity  main-sequence 
stars;  and  dwarfs  that  show  hydrogen 
emission  lines  (including  UV  Ceti  flare 
stars)  tend  to  be  over  ^  mag  brighter 
than  the  low-velocity  main  sequence.  The 
strong  coronal  activity  implied  by  the 
presence  of  hydrogen  in  emission  indi- 
cates that  these  stars  are  young.  The 
dwarfs  that  show  the  H  and  K  lines  of 
Ca  II  in  emission  should  have  an  age  in- 
termediate between  the  hydrogen  emis- 
sion dwarfs  and  those  that  show  no  emis- 
sion lines.  However,  they  appear  to  lie 
very  close  to  the  low-velocity  main  se- 
quence. One  star  in  this  program  that  has 
an  extremely  high  radial  velocity  has  a 
deficiency  of  over  2  mag  at  2.2  fx,  which 
would  make  it  an  extreme  subdwarf.  An- 
other star  was  found  to  be  extremely 
unusual  in  that  it  has  very  red  B  —  V 
and  [1.6  ju,]-[2.2  /x]  colors,  but  it  has  a 
blue  V  —  [2.2  ft]  color.  It  shows  vir- 
tually no  TiO  on  a  spectrogram  obtained 
by  Greenstein  but  has  strong  metal  lines 
in  the  blue.  This  star  will  probably  be 
very  important  in  calibrating  the  effect  of 
TiO  in  the  other  M  dwarfs. 

Several  K-dwarfs  in  the  Pleiades  were 
photometered  at  1.6  and  2.2  ju,  by  Zappala 
with  the  100-inch  telescope.  These  stars 
had  been  found  by  Jones  (Astrophys.  J. 
[Letters],  171,  L57,  1972)  to  lie  system- 
atically below  the  zero-age  (Hyades) 
main  sequence  in  the  color-magnitude 
diagram  and  were  suggested  as  candi- 
dates for  the  possession  of  dust  shells. 
The  photometry  indicates  6  stars  to  have 
a  small  (<,  0.1  mag)  excess  in  V  —  K 
relative  to  Hyades  and  field  stars  with 
the  same  B  —  V  colors,  while  3  have  ap- 
preciable excesses  (0.3-0.8  mag) .  How- 
ever, no  significant  excess  in  the  H  —  K 
color  index  was  detected  for  any  star, 
indicating  that  only  very  cool  shells  can 
be  present.  In  addition,  there  appears  to 
be  no  correlation  between  the  distance 
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below  the  Hyades  main  sequence  AF  and 
the  magnitude  of  the  excess  in  V  —  K. 
Thus  the  case  for  the  persistence  of  dust 
shells  around  stars  very  nearly  on  the 
main  sequence  is  unclear  and  will  require 
further  observation,  both  of  more  stars 
and  at  longer  wavelengths. 

Variable  Stars 

Pasachoff  used  the  200-inch  Hale  Tele- 
scope to  observe  the  spectrum  of  the 
cataclysmic  variable  R  Coronae  Borealis. 
This  carbon  star  remains  at  6  mag  for  a 
period  of  time  that  varies  randomly  from 
months  to  a  dozen  years,  and  then  drops 
precipitously  to  about  14  mag.  On  March 
26,  1972,  Mv  was  less  than  11.4,  and  with 
9  A  mm"1  dispersion,  broad  emission  was 
observed  at  Ca  II  H  and  K  and  at  A3889 
{Intern.  Astron.  Union  Circular  21^03). 
Numerous  narrow  spectral  lines  also  ap- 
peared, many  of  which  were  not  reported 
in  previous  published  work  on  this  star. 
Anomalous  behavior  of  the  D  lines  was 
observed  in  March  and  April. 

Radial  Velocities  of  RW 
Aurigae  Variables 

M.  V.  and  M.  J.  Penston  obtained 
spectra  of  14  RW  Aur-type  variables  at 
the  prime-focus  spectrograph  of  the  200- 
inch.  It  is  intended  to  use  them  in  con- 
junction with  further  spectra  being  ob- 
tained at  the  Royal  Greenwich  Observa- 
tory, England,  to  yield  radial  velocities 
for  these  stars. 

Galactic  Clusters 

A  program  by  Oke  (described  in  Year 
Book   70,   p.    400)    to    obtain    absolute 


spectral-energy  distributions  of  main- 
sequence  stars  in  galactic  clusters  is  being 
continued.  Observations  of  stars  in  the 
Hyades  and  M67  are  complete.  The  most 
time-consuming  part  of  the  program, 
namely,  the  observations  of  the  15  to  17 
mag  main-sequence  stars  in  NGC  188,  is 
about  half  complete. 

A  classification  and  rotation  study  of 
the  open  cluster  NGC  2422  has  been 
started  by  Dworetsky  with  the  60-inch 
X-spectrograph.  So  far,  at  least  one  40 
A  mm"1  spectrogram  of  each  proper- 
motion  member  has  been  obtained  down 
to  a  limiting  magnitude  mv  =  9.5.  The 
brightest  member,  HD  60855  (B2  V), 
previously  had  been  reported  to  be  a  Be 
star  (B2  IV :e),  but  no  emission  lines  are 
visible  on  the  spectrograms  recently  ob- 
tained. Among  other  objects  found  in 
the  cluster  are  one  Be  star,  one  Si  star, 
and  a  possible  Hg  star. 

Star  Rings 

On  the  basis  of  three-color  photometry, 
Isserstedt  and  Schmidt-Kaler  have  con- 
cluded that  star  ring  373  on  Isserstedt's 
catalog  is  an  elliptical  aggregate  of  B- 
type  stars  at  a  distance  of  2.8  kpc  and 
with  a  reddening  of  EB.V  =  1.01.  Low- 
dispersion  (380  A  mm"1)  spectrograms  of 
21  stars  in  or  near  ring  373  were  obtained 
by  Preston  with  the  prime  focus  spectro- 
graph of  the  200-inch  telescope.  No  B- 
type  spectra  were  found.  Spectral  types 
range  from  F  to  K,  as  one  would  expect 
for  random  field  stars  fainter  than  mv  = 
11  at  low  galactic  latitudes.  Similar  re- 
sults obtained  for  6  stars  that  define  the 
shape  of  ring  519  lead  to  the  conclusion 
that  both  rings  are  accidental  configura- 
tions of  field  stars. 


STELLAR    CHROMOSPHERES 

Stellar  Cycles 

Wilson  has  continued  the  measurement 
of  H-K  fluxes  in  a  number  of  main- 
sequence  stars  ranging  in  type  from  F5 


to  M0.  For  the  earlier  types,  F5  to  G2, 
many  of  the  stars  have  strong  emission  so 
that  on  the  order  of  half  or  more  of  the. 
flux  measured  is  of  chromospheric  origin, 
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Fig.  2.   Measures  of  the  flux  at  the  centers  of  the  H  and  K  lines  of  Ca  II  as  a  function  of  time 
for  the  main-sequence  K5  star  HD  32147. 


and  these  stars  are  thus  favorable  for  the 
discovery  of  variations  in  chromospheric 
activity.  Among  these  earlier-type  stars 
there  now  appears  to  be  a  rather  general, 
although  not  universal,  tendency  for  a 
decrease  in  the  fluxes  during  the  period 
1966  to  1972.  These  decreases  are  of  the 
order  of  a  few  percent  and  have  occurred 
in  an  irregular  manner.  If  they  have  any- 
thing to  do  with  cyclical  behavior,  it  may 
mean  that  among  these  stars  one  must 
expect  a  fairly  rapid  rise  in  activity  from 
time  to  time  followed  by  a  much  slower 
decline.  Under  these  conditions  most  of 
the  stars  observed  during  any  relatively 
short  period  would  be  found  in  their  de- 
clining phase. 

About  a  dozen  of  the  later-type  (G8- 
K7)  stars  continue  to  show  variations 
that  may  well  prove  to  be  cyclical.  None 
of  these  cycles,  if  such  they  turn  out  to  be, 
is  complete  as  yet,  but  a  few  more  years 
of  observation  should  settle  the  question. 
At  present  it  appears  that  not  all  such 
stars  of  about  the  same  type  are  per- 
forming in  identical  fashion. 

As  an  example  of  probable  cyclic  be- 
havior, the  accompanying  illustration  is 
a  plot  of  the  individual  observations  of 


the  K5  star  HD  32147  between  October 
1967  and  February  1972. 

Absolute  Magnitudes  of 
Late-Type  Giants 

Wilson  is  continuing  photographic  ob- 
servation of  a  number  of  late-type  giants 
(G-K-M)  in  order  to  derive  absolute 
magnitudes  from  the  widths  of  the 
chromospheric  emission  components  in 
the  K-line.  It  is  hoped  that  all  such  stars 
in  the  Bright  Star  Catalog  down  to  mv  = 
5.0  can  be  completed  with  at  least  two 
plates  per  star.  In  addition,  the  luminos- 
ities for  many  of  the  stars  published  by 
Wilson  and  Bappu  in  1957  depended 
upon  only  one  spectrogram,  and  second 
plates  are  being  obtained  for  as  many  of 
these  as  possible. 

Test  of  the  K-Line  Width- Luminosity 
Relationship 

Some  23  wide  physical  pairs  in  which 
the  primary  is  a  G-K  giant  and  the  sec- 
ondary, an  A-F-type  main-sequence  star, 
are  being  observed.  Wilson  is  obtaining 
spectrograms  (at  least  2  per  star)  of  the 
primaries  from  which  measures  of  the  K- 
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emission  widths  yield  the  absolute  visual 
magnitudes,  MV(K).  His  collaborators, 
E.  Olsen  and  P.  Kjaergaard  of  the  Copen- 
hagen Observatory,  are  supplying  u,  b, 
v,  y  photometry  of  the  companions  and 
the  apparent-magnitude  differences  of 
the  components.  These  data  permit  the 
computation  of  the  Mv's  of  the  pri- 
maries based  on  Stromgren's  calibration 
of  the  main  sequence,  as  well  as  informa- 
tion on  [Fe/H]  for  each  pair.  When 
completed,  this  work  will  provide  an 
excellent  check  on  results  based  on  the 
sun-Hyades  calibration  of  MV(K) 
against  the  Stromgren  calibration  for 
stars  with  quite  different  properties,  and 
should  shed  further  light  on  the  question 
of  any  dependence  of  MV(K)  upon  [Fe/ 
H].  Preliminary  reductions  for  20  pairs 
show  that  the  two  luminosity  calibrations 


are  in  very  good  agreement  and  that 
metal  abundance  over  the  range  normally 
encountered  in  galactic  stars  is  probably 
not  very  significant. 

Helium  D3  Line 

Pasachoff  continued  his  study  of  the 
D3  line  in  stellar  chromospheres,  observ- 
ing G-  and  K-type  stars  with  the  coude 
spectrographs  of  the  100-inch  and  200- 
inch  telescopes.  He  was  assisted  by 
Elliot  C.  Lepler,  a  graduate  student  at 
the  California  Institute  of  Technology. 
They  reported  the  detection  of  the  D3 
line  in  several  late-type  stars,  including 
A  Andromedae,  rj  Ceti,  f3  Comae  Bere- 
nices, a  Aurigae,  £  Bootis,  o-  Geminorum, 
and  others.  The  intensities  of  both  the 
absorption  and  emission  in  A  And  are 
about  40  mA. 


STAR    CLUSTERS 


IRC  20385 


The  globular  cluster  Terzian  5  (IRC 
20385)  has  been  studied  at  1.65,  2.2,  and 
3.5  /x  by  Becklin  and  Neugebauer.  Area 
scans  with  2.5  arc  second  resolution  iso- 
late about  20  stars  brighter  than  [2.2  li~\ 
— 1.0  mag.  The  integrated  [2.2  //,]  flux 
is  an  order  of  magnitude  larger  than  for 
M13.  The  average  color  [1.65  /*]-[2.2  /x] 
index,  corrected  for  interstellar  reddening, 
is  0.2  mag  larger  than  for  M13  and  is 
similar  to  the  reddest  stars  in  47  Tucanae. 


If  its  distance  is  less  than  10  kpc,  it  is 
richer  and  brighter  than  any  other  known 
globular  cluster. 

King  1 

M.  V.  Penston  obtained  plates  of,  and 
a  photoelectric  sequence  in,  the  galactic 
cluster  King  1  to  enable  its  age  and  dis- 
tance to  be  determined.  This  cluster  is 
interesting  because  it  lies  only  a  few 
minutes  from  the  position  of  Tycho's 
supernova.  Reduction  of  the  observa- 
tional material  is  in  progress. 


INFRARED     SOURCES 


20  fi  Absolute  Calibration 

An  absolute  calibration  of  the  10  li  and 
20  ,u  photometric  systems  was  carried  out 
by  Neugebauer  and  Becklin  in  Chile,  both 
at  the  Las  Campanas  Observatory  40- 
inch  telescope  and  at  the  Cerro  Tololo 
Inter- American  Observatory  60-inch.  The 
method  involved  a  direct  comparison  of 
Mars  and  several  bright  stars ;  the  emer- 
gent flux  of  the  former  was  obtained  from 
models  based  on  the  combined  measure- 


ments of  the  Mariner  69  and  71  infrared 
radiometers.  The  absolute  fluxes  ob- 
tained at  10  jx  show  good  agreement  with 
the  model  calculations  of  Schild,  Peter- 
son, and  Oke  for  a  Lyrae,  which  are 
based  on  the  absolute  calibration  in  the 
visible ;  a  comparable  check  at  20  fi  was 
not  possible.  The  data  are  being  reduced 
jointly*  with  O.  Hansen  of  the  Caltech 
Division  of  Geological  and  Planetary 
Sciences. 
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Polarization  Studies 

In  the  course  of  a  study  of  2.2  jx  polar- 
ization of  early-type  stars  that  show  evi- 
dence of  circumstellar  dust,  Loer  and 
Allen  have  measured  infrared  sources  in 
the  Orion  Nebula  and  NGC  2264.  The 
former,  Becklin's  star,  was  found  to  have 
an  11%  polarization,  the  largest  polar- 
ization yet  measured  in  an  astronomical 
source  at  this  wavelength ;  the  latter  has 
a  polarization  of  2.4  %.  Previously  the 
largest  known  polarization  at  2.2  /x  was 
3.4%  for  NML  Cygnus. 

Large  intrinsic  polarizations  of  the 
type  observed  are  conjectured  to  origi- 
nate from  the  scattering  of  the  radiation 
by  circumstellar  dust  grains.  To  polarize 
the  radiation,  the  grains  must  either  be 
elongated  and  have  a  net  alignment  or 
they  must  be  asymmetrically  distributed 
about  the  source  of  the  radiation.  The 
large  polarization  of  Becklin's  star  argues 
against  the  interpretation  in  terms  of  an 
asymmetrical  distribution  of  dust  grains 
because  of  the  limited  amount  of  polar- 
ization this  mechanism  can  produce.  Thus 
Loer  and  Allen  conclude  that  some  align- 
ment mechanism  is  at  work  in  the  Orion 
Nebula.  In  NGC  2264  the  ^-vector  of 
the  polarization  is  aligned  with  the  axis 
of  the  triangular  nebula  at  the  apex  of 
which  the  infrared  source  lies,  suggesting 
that  in  this  case  it  may  be  the  physical 
distribution  of  the  dust  that  is  causing 
the  polarization. 

OH  Line  Emission  Sources 

A  joint  study  of  OH  line  emission 
sources  by  Becklin,  Harvey,  and  Neuge- 
bauer,  together  with  W.  J.  Wilson  of  the 
Aerospace  Corporation  and  P.  R. 
Schwartz  of  the  Naval  Research  Labora- 
tory, has  been  completed.  The  sources 
selected  were  those  associated  with  late 
M-type  variables  that  show  emission 
mainly  in  the  1665/1667  MHz  OH  lines 
rather  than  the  more  common  group  that 
emits  in  the  1612  MHz  line.  The  results 
of  the  study  can  be  summarized  as  fol- 


lows. All  sources  are  identified  with  late- 
type  oxygen-rich  Mira  variables;  they 
vary  at  the  infrared  and  microwave 
wavelengths.  Generally,  microwave  H20 
emission  is  present.  In  common  with  the 
1612  MHz  OH/IR  stars,  the  1665/1667 
MHz  stars  show  no  1720  MHz  line  emis- 
sion and  no  detectable  18-cm  continuum 
radiation,  but  do  characteristically  show 
two  OH  emission  features  separated  in 
velocity.  Observationally,  the  1665/1667 
MHz  sources  differ  from  the  1612  MHz 
sources  in  showing  less  excess  emission  at 
the  longer  infrared  wavelengths,  having 
statistically  less  velocity  separation  be- 
tween the  two  emission  peaks  and  a 
greater  likelihood  of  H20  emission.  With 
the  limits  of  the  present  data,  it  appears 
that  the  primary  intrinsic  difference  be- 
tween the  1665/1667  MHz  OH/IR 
sources  and  1612  MHz  OH/IR  sources 
is  in  the  absolute  strength  of  the  1612 
MHz  emission  rather  than  in  the  strength 
of  the  1665/1667  MHz  emission. 

The  study  of  the  variations  of  the  1612 
MHz  sources  by  Harvey  is  nearing  com- 
pletion. Correlations  between  the  varia- 
tions at  infrared  wavelengths  and  those 
at  1612  MHz  are  apparent  for  all  the 
sources,  and  it  is  expected  that  the  degree 
of  correlation  will  place  some  interesting 
limits  on  possible  models  for  these 
sources.  This  program  is  in  cooperation 
with  K.  P.  Bechis  of  the  Massachusetts 
Institute  of  Technology  and  W.  J.Wilson. 

Occultation  of  R  Leo 

Using  the  100-inch,  60-inch,  and  24- 
inch  telescopes  at  Mount  Wilson,  Neuge- 
bauer,  Becklin,  Clough,  and  Toombs  have 
measured  the  angular  extent  of  the  late- 
type  Mira  star,  R  Leo,  at  3.5,  4.9,  and 
11.0  /x  by  means  of  a  lunar  occultation. 
The  observations  at  3.5  and  4.8  fi  are 
consistent  with  an  0."05  diameter  disk; 
such  a  diameter  is  in  agreement  with  the 
measured  effective  temperature  and  lumi- 
nosity of  R  Leo.  At  11  [i,  a  large  fraction 
of  the  observed  radiation  is  known  to  be 
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in  excess  of  that  expected  from  the 
photosphere  of  the  star.  The  occultation 
measurements  show  that  this  excess  radi- 
ation originates  from  an  area  . — 0."3  in 
diameter.  This  observation  supports  the 
hypothesis  that  the  excess  infrared  radia- 
tion near  11  fi  observed  in  late-type  stars 
results  from  thermal  emission  from  dust 
particles  surrounding  the  star. 

Unidentified  Infrared  Sources 

In  a  program  that  has  just  been  ini- 
tiated, Becklin  and  Neugebauer,  along 
with  several  graduate  students,  are  using 
the  24-inch  telescope  on  Mount  Wilson 
to  search  for  1  n  and  20  /x  sources  reported 
in  the  preliminary  results  of  the  Air  Force 
Cambridge  Research  Laboratory's  rocket 
survey.  So  far  the  search  for  new  sources 
has  had  negative  results  except  for  the 
identification  of  strong  20  /*.  and  10  p. 
radiation  from  IRC +10240;  the  sample 
is  admittedly  limited.  IRC+10240  is 
unique  in  that  it  has  a  [20  ^]-[2.2  /x] 
color  index  of  9.1  mag,  but  has  a  [1.6  fi\  - 
[2.2  ji]  index  of  only  +1.0  mag.  In  con- 
trast, the  reddest  star  previously  meas- 
ured, IRC+10216,  has  [20  /*]-[2.2  /*] 
~  9.0  mag,  but  [1.6  /*]-[2.2  /*]  ^  3  mag. 
Thus  the  possibility  is  opened  of  finding  a 
new  type  of  infrared  source  that  cannot 
be  discovered  from  2  ju,  observations.  Oke 
has  scanned  IRC+10240  with  the  multi- 
channel scanner  of  the  200-inch  and  has 
found  a  very  red  featureless  continuum. 

Stellar  Spectra  at  5  Microns 

As  a  complement  to  the  observational 
program  related  to  the  5  n  spectrum  of 
the  major  planets,  the  spectra  of  a  variety 
of  late-type  stars  have  been  obtained  by 
Munch,  Neugebauer,  and  Porter.  Repre- 
sentative stars  with  types  M,  S,  and  R 
have  been  compared  among  themselves 
and  with  standard  stars  of  type  K. 
Peculiar  IR  objects  of  special  interest, 
such  as  VY  Canis  Ma j oris  and  IRC+ 
10216,  also  have  been  studied.  So  far,  no 


spectral  features  clearly  originating  in 
the  stars  have  been  detected.  In  particu- 
lar, the  absorption  band  around  4.73  n 
due  to  the  3  v2  band  of  HCN  is  not  visible 
in  the  spectra  of  carbon  stars,  notwith- 
standing that  molecular  dissociation  equi- 
librium calculations  predict  a  much 
higher  concentration  for  this  molecule  in 
carbon  stars  than  in  M  stars. 

New  Infrared  Sources 

Allen  used  the  200-inch  to  secure 
photographs  and  spectra  of  the  infrared 
sources  he  found  in  NGC  2264  and  Ml- 
82.  The  former  is  associated  with  a  tri- 
angular knot  of  nebulosity  that  has  a 
continuous  spectrum.  There  is  no  indica- 
tion of  a  stellar  source  on  direct  photo- 
graphs in  the  red.  In  Ml-82,  two  infra- 
red sources  had  been  found.  One  of  these 
corresponds  in  position  to  a  patch  of 
nebulosity  that  seems  to  have  brightened 
since  Minkowski's  earliest  photographs  of 
the  region  in  the  1940's.  The  other  lies  in 
a  cluster  of  very  red  stellar  and  nonstellar 
objects.  Spectra  of  the  brightest  reveal 
only  the  hydrogen  lines  in  emission. 

Orion  I 

Reduction  by  M.  V.  Penston  of  nine- 
color  photometry  described  in  last  year's 
report  (Year  Book  70,  p.  409)  has  con- 
tinued. Several  stars  with  infrared  ex- 
cesses and  a  few  highly  reddened  stars 
are  found.  These  two  types  of  star  can 
be  separated  in  an  infrared  two-color 
diagram.  No  star  earlier  than  B9  has  a 
significant  infrared  excess  at  2  fi.  There 
is  a  good  correlation  of  2  /a  excess  with 
variability.  For  the  stars  with  spectral 
types,  the  visual  absorption  can  be  de- 
duced. This  varies  greatly  from  star  to 
star  and  does  not  correlate  with  position 
or  luminosity  and  only  weakly  with  2  fi 
excess.  There  is,  however,  a  probable 
correlation  of  visual  absorption  with  op- 
tical variability.  For  nearly  all  stars, 
more  energy  is  absorbed  in  the  visual 
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region  than  is  re-emitted  in  the  infrared 
up  to  3.4  fi. 

RW  Aurigae  Stars 

M.  V.  Penston  has  observed  47  stars 
classified  as  RW  Aurigae-type  variables 
in  the  General  Catalogue  of  Variable 
Stars  (2nd  edition)  at  1.6  /a,  2.2  /z,  and, 
where  possible,  3.4  p.  Most  of  these  stars 
show  infrared  excesses,  but  a  few,  includ- 
ing three  stars  reclassified  in  the  third 
edition  of  G.C.V.S.  as  other  types  of 
variable  stars,  do  not.  Four  stars  found 
to  have  mpg  —  [2.2  ^]  >  8.8  all  had  M- 
type  spectra  and  may  also  be  misclassi- 
fied  long-period  variables.  Of  the  stars 
with  infrared  excesses,  those  of  spectral 
type  A  or  earlier  tend  to  show  higher 
[1.6  ^i]-[2.2  fji]  colors  than  do  those  later 
than  type  F. 


Infrared  Observations  of  BL  Lacertae 
and  OJ  287 

Becklin,  Neugebauer,  and  Wynn-Wil- 
liams  in  collaboration  with  E.  Epstein  of 
the  Aerospace  Corporation  monitored  the 
variable  radio  sources  BL  Lac  and  OJ  287 
at  2.2  /i,  on  several  nights.  In  the  former, 
no  changes  greater  than  10%  were  ob- 
served over  a  4-day  period;  monthly 
variations  on  the  order  of  1  mag,  how- 
ever, have  been  observed  during  the  past 
year.  OJ  287,  on  the  other  hand,  was  ob- 
served to  vary  by  30%  on  a  time  scale  of 
less  than  one  hour.  It  also  showed  night- 
to-night  variations  of  a  similar  range. 
Since  a  large  fraction  of  the  energy  is 
emitted  around  3  //.,  such  changes  in 
brightness  place  severe  restrictions  on  the 
mechanism  producing  the  infrared  radia- 
tion and  on  the  size  of  the  radiating 
region. 


INTERSTELLAR    GAS    AND     GASEOUS    NEBULAE 


Electron  Density 

White  has  undertaken  to  search  for 
interstellar  Ca  I  absorption  in  the  spec- 
tra of  stars  showing  sharp  Ca  II  lines  that 
probably  arise  in  individual  interstellar 
clouds.  Using  the  100-inch  coude  scanner, 
he  has  detected  Ca  I  A4226  in  £  Ophiuchi, 
£  Persei,  8  Scorpii,/3'Scorpii,and  <t  Scorpii 
and  has  set  upper  limits,  W\  (4226)  < 
1  mA,  for  five  other  stars.  Combined 
with  photographic  data  on  the  Ca  II  ab- 
sorption, the  new  observations  yield  a 
mean  A(Ca  I)/iV(Ca  II)  =  7.3  X  10"3, 
but  this  result  is  influenced  by  observa- 
tional selection.  Considering  all  avail- 
able Ca  II  and  Ca  I  measurements  and 
Ca  I  upper  limits,  White  estimates  that 
the  mean  A"(Ca  I)/iV(Ca  II)  is  probably 
<~2  X  10~3. 

Under  the  assumption  of  equilibrium 
among  ionization  stages  and  recombina- 
tions at  a  typical  cloud  temperature  of 
70°  K,  White  has  used  the  observed 
N(Ca  I)/N(C&  II)  to  derive  electron 
densities.  For  the  five  stars  measured  in 
the  present  program,  ne  equals  0.13  cm"3, 


whereas  the  estimated  average  value  is 
0.03  cm"3.  This  value  refers  essentially  to 
the  cloud  component  of  the  interstellar 
gas. 

Using  the  newly  determined  electron 
densities  and  previously  known  projected 
densities  of  Ca  II,  Na  I,  and  H  I,  White 
has  further  determined  the  abundance 
ratios  N(N&) /N (H)  and  iV(Ca)/iV(H). 
For  £  Oph  and  £  Per,  the  Na  and  H  ratio 
is  near  but  slightly  smaller  than  the  solar 
value;  the  Ca  to  H  ratio  is  . — 10"3  times 
the  solar  value.  For  the  three  stars  in 
Scorpio,  iV(Na)/AT(H)  is  — 10"3  times 
the  solar  abundance  ratio;  Ar(Ca)/Ar(H) 
is  '-— 10"4  times  the  solar  value.  Derived 
abundance  deficiencies  of  this  magnitude 
cannot  be  attributed  to  uncertainties  in 
the  projected  densities  or  in  the  ioniza- 
tion coefficients,  and  argue  strongly  that 
element  depletion,  probably  onto  grains, 
is  a  significant  process  in  the  interstellar 
gas. 

The  interstellar  absorption  in  8  Sco, 
/?'  Sco,  and  o-  Sco  occurs  in  a  single  inter- 
stellar cloud,  which  is  defined  by  the  Ca 
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II  data  of  W.  S.  Adams.  The  apparent 
size  of  the  cloud  is  — 10°,  which  gives  a 
linear  dimension  of  — 20  pc  at  an  as- 
sumed distance  - — -150  pc.  The  projected 
densities  of  H  I  then  lead  to  nH  < — '  20 
cm"3  so  that  the  Ca  I  measurements  indi- 
cate ne/nu  i —  6  X  10"3.  Comparison  of 
the  Lyman-a  column  density  with  the 
21 -cm  profile  in  the  direction  of  /3'  Sco 
indicates  a  temperature  «*  60°K.  In  a 
steady-state  model  of  the  interstellar  gas, 
these  parameters  require  a  cosmic  ray  or 
X-ray  ionization  rate  . —  7  X  10"15  s"1, 
although  this  value  could  be  lower  if  im- 
portant cooling  agents  (e.g.,  C  II)  are 
depleted. 

In  relation  to  his  Ca  I  observations, 
White  has  studied  the  effect  of  interstellar 
extinction  on  the  photoionization  of  Ca  I. 
Considering  a  homogeneous  spherical 
cloud  and  assuming  the  mean  ultraviolet 
extinction  law  and  zero  grain  albedo,  he 
finds  from  numerical  integrations  that 
the  photoionization  rate  depends  on  the 
visual  absorption,  Av,  roughly  as  10"0-4 
Av,  for  Av  <  3  mag.  For  larger  absorp- 
tions, the  attenuation  of  ultraviolet  radi- 
ation, which  ionizes  Ca  I  and  the  ions 
that  provide  most  of  the  free  electrons, 
may  have  the  result  that  the  observed  Ca 

I  and  Ca  II  are  not  coextensive.  The 
interpretation  of  electron  densities  de- 
rived from  observations  of  Ca  I  and  Ca 

II  absorption  then  requires  a  more  com- 
plicated analysis. 

Diffuse  Nebulae:  Filtergrams  in  [S  HI] 

Foukal  has  used  S-l  image  tubes  at 
the  60-inch  and  100-inch  Mount  Wilson 
telescopes  to  obtain  filtergrams  of  diffuse 
nebulae  in  the  previously  unstudied  line 
[S  III]  A9532.  Comparison  of  the  [S  III] 
and  Ha  emission  in  M17  and  M42  indi- 
cates that  in  these  objects  the  [S  III]  is 
definitely  more  concentrated  in  the  center 
of  the  nebula,  as  would  be  expected  from 
a  simple  ionization  model.  There  is  also 
some  evidence  that  the  obscuration  in  the 
baylike  feature  in  M42  may  be  caused  by 
dust  of  relatively  low  optical  depth.   Fil- 


tergrams of  the  hourglass  condensation  in 
M8  and  of  the  fainter  objects  Ml 6  and 
M20  show  similar  fine  structure  in  [S 
III]  in  Ha. 

Interstellar  Dust:  Reddening  of 
VI  Cygni  12 

M.  V.  Penston  used  the  multichannel 
scanner  to  obtain  the  energy  distribution 
of  the  highly  reddened  (Av  —  10  mag) 
type-B  supergiant  star  VI  Cyg  12.  Com- 
parison of  this  energy  distribution  with 
that  of  another  B5  la  star  gives  an  ex- 
tinction curve  from  A  =  3320  to  11200. 
Reduction  of  these  data  in  collaboration 
with  R.  Chaldu  and  R.  K.  Honeycutt  of 
the  Department  of  Astronomy  at  Indiana 
University,  who  also  have  scans  of  IV 
Cyg  12,  shows  that  Ha  and  possibly  He 
I  A10830  are  in  emission.  A  possible 
structure  that  could  represent  new  diffuse 
features  is  seen  in  the  extinction  curve. 
The  form  of  the  extinction  obtained  from 
VI  Cyg  12  differs  from  that  generally 
found  in  Cygnus  in  that  it  decreases 
shortward  of  A3500;  there  is  no  sign  of 
the  absorption  "bump"  between  A4550 
and  A5250  found  by  Whiteoak  (Astro- 
phys.J.,  1U,  305, 19Q6). 

Infrared  Observations  of 
Galactic  H  II  Regions 

Wynn- Williams,  Becklin,  and  Neuge- 
bauer  have  made  observations  in  the  1-20 
fi  range  of  giant  galactic  H  II  regions  in 
which  radio  astronomers  have  recently 
discovered  bright  compact  condensations 
of  ionized  gas  as  well  as  intense  sources 
of  OH  and  H20  maser  emission.  The 
object  studied  most  thoroughly  was  the 
radio  source  W3  associated  with  the  op- 
tical nebula  IC  1795;  a  map  at  2.2  /x,  and 
20  /x  made  with  the  100-inch  telescope  is 
shown  in  Fig.  3. 

The  observations  have  led  to  the  dis- 
covery of  nine  distinct  infrared  objects 
in  W3.  Four  of  them,  including  one  co- 
incident with  W3  (OH),  are  identified 
with  compact  (> — -  0.1  pc  diameter)  radio 
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Fig.  3.   Infrared  map  of  the  galactic  H  II  region  W3  obtained  with  the  Mount  Wilson  100-inch 
telescope. 


H  II  condensations;  they  show  strong 
emission  in  the  range  3-20  \x  attributable 
to  dust  grains  at  a  temperature  of  **=>  150° 
K  mixed  with  the  ionized  gas.  The  2  ^ 
emission  from  these  objects  is  consider- 
ably less  than  is  predicted  from  the  radio 


measurements,  indicating  that  the  H  II 
condensations  are  surrounded  by  obscur- 
ing dust  with  up  to  50  mag  of  visual 
extinction.  One  of  the  condensations  con- 
tains an  unresolved  source  which  is  al- 
most certainly  a  highly  obscured  0  star 
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that  excites  the  component.  Four  further 
infrared  sources  have  no  associated  radio 
continuum  source;  one  of  these,  an  un- 
resolved source  with  a  luminosity  > — '  3  X 
104Lo,  is  coincident  with  a  source  of 
H20  maser  emission  and  may  be  a  mas- 
sive protostar. 

Another  source  that  has  been  much 
studied  recently  is  NGC  7538,  a  small 
bright  optical  nebula.  The  source  is  in- 
teresting because  there  is  an  associated 
OH  emission  source  that  is  displaced  from 
the  center  of  the  optical  nebula  but  which 
is  coincident  with  a  compact  radio  con- 
tinuum source.  Careful  scanning  at  20  /x 
in  the  vicinity  of  the  OH  source  led  to  the 
discovery  of  a  group  of  four  sources 
within  10  arc  sec  of  the  OH  source;  the 
scale  of  the  200-inch  telescope  was  neces- 
sary for  this  work.  The  20  p.  flux  density 
from  this  group  of  sources  is  about  1000 
times  greater  than  can  be  accounted  for 
by  thermal  emission  from  ionized  hydro- 
gen and  helium. 

New  sources  of  infrared  radiation  asso- 
ciated with  the  source  of  OH  in  W49  and 
near  NGC  2438  have  been  discovered, 
and  studies  of  the  H  II  region  W51  have 
continued.  This  last  object  is  interesting 
in  that  at  all  wavelengths  there  appears 
to  be  a  significant  positional  displacement 
of  the  OH  source  from  the  infrared 
source. 

Infrared  Observations  of  the  Planetary 
Nebula  IC  41 8 

Willner,  Becklin,  and  Neugebauer  have 
made  a  study  of  the  spatial  distribution 
of  2.2  (i  and  1.6  ju,  radiation  from  IC  418. 
Aperture  studies  with  the  60-inch  and 
100-inch  telescopes  and  slit  scans  with 
the  200-inch  telescope  show  that  more 
than  30%  of  the  2.2  ju,  radiation  comes 
from  a  region  outside  of  the  optical 
nebula.  Preliminary  observations  at  1.6  /* 
with  the  60-inch  telescope  show  that  the 


color  temperature  decreases  with  distance 
from  the  center  of  the  nebula.  The  source 
of  the  radiation  is  unknown.  If  it  origi- 
nates from  dust,  the  dust  temperature 
must  be  higher  than  500 °K;  however, 
the  thermal  equilibrium  temperature  of 
dust  surrounding  IC  418  should  be  less 
than  200°K. 

Search  for  Interstellar  Deuterium 

Pasachoff,  in  collaboration  with  W.  A. 
Fowler  of  Caltech,  Diego  Cesarsky  and 
Alan  Moffet  of  the  Owens  Valley  Radio 
Observatory,  and  Caltech  graduate  stu- 
dents Mark  Allen  and  Bernard  Lazareff, 
began  a  search  for  the  fundamental 
microwave  line  from  interstellar  deute- 
rium at  327  MHz.  Detection  of  this  iso- 
tope or  improvement  of  the  upper  limit 
(last  measured  to  be  the  ratio  1:13,000 
to  hydrogen  in  the  direction  of  the  radio 
source  Cassiopeia  A)  would  be  of  funda- 
mental importance  for  theories  of  nucleo- 
synthesis in  the  early  moments  of  the 
universe.  Pasachoff  et  al.  used  the  130- 
foot  radio  telescope  at  the  Owens  Valley 
Radio  Observatory  with  a  transistor 
amplifier  and  the  100-channel  autocorre- 
lator  to  observe  for  ten  days  of  instru- 
mental tests  in  the  direction  of  the  galac- 
tic center  and  Cas  A.  They  also  observed 
at  the  frequency  of  the  271a  recombina- 
tion line  of  carbon  toward  Orion  B,  a 
prime  source  for  such  emission  at  higher 
frequencies.  Months  of  integration  would 
eventually  be  necessary  for  the  deuterium 
search.  The  recombination-line  observa- 
tions are  an  extension  of  observations 
Pasachoff  made  last  year  at  Owens  Valley 
in  collaboration  with  David  B.  Shaffer 
of  the  Owens  Valley  Radio  Observatory 
and  Robert  P.  Kirshner,  a  Caltech  grad- 
uate student.  They  observed  Orion  B 
and  M17  at  the  600  MHz  frequency  of 
carbon  221a,  finding  rms  noise  of  0.15°K 
and  0.36°K,  respectively. 


PULSARS 

The  intensity  of  the  Crab  pulsar  is  detect  possible  secular  changes  due  to  the 
being  monitored  at  the  0.3%  level  on  a  spin-down  of  the  star  or  irregular  changes 
continuing  basis  by  Kristian  in  order  to     associated    with    radio    fluctuations    or 
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period  changes.  No  change  has  yet  been 
seen,  the  intensity  and  pulse  shape  both 
being  remarkably  constant. 

The  Crab  still  remains  the  only  pulsar 
detected  optically,  despite  continuing 
searches  here  and  elsewhere.  Some  doubt 
was  cast  on  a  previous  brightness  limit 
for  the  Vela  pulsar  by  a  new  measure- 
ment of  its  position  by  Wade,  using  the 
three-element  interferometer  at  Green 
Bank.  This  differed  by  15  arc  seconds 
from  the  position  reported  earlier  by 
Downs  and  Reichley  based  on  pulse  ar- 
rival times.  The  discrepancy  is  still  un- 
explained and  puzzling,  since  other  posi- 


tions measured  by  both  techniques  agree 
very  well.  A  previous  limit  of  V  ^  24.5 
reported  by  Kristian  was  based  on  the 
"timing"  position.  As  a  double  check, 
however,  the  measurements  were  repeated 
over  a  larger  search  area,  including  both 
positions  and  the  region  between  them, 
with  the  same  negative  result. 

The  search  for  the  Vela  pulsar  was 
extended  to  the  infrared  over  the  same 
area  by  Neugebauer,  Kristian,  and 
Becklin,  also  with  negative  results.  Both 
the  optical  and  infrared  measurements 
were  made  with  the  200-inch  telescope. 


X-RAY    SOURCES 


Optical  Search  for  X-Ray  Sources 

There  has  been  widespread  interest 
among  optical  astronomers  in  the  prob- 
lem of  identifying  125  X-ray  sources  pub- 
lished in  December  1971  by  the  X-ray 
group  at  American  Science  and  Engineer- 
ing, Cambridge,  Massachusetts.  The  list 
was  based  in  part  on  data  obtained  during 
the  first  year  of  operation  of  the  Uhuru 
satellite.  Prior  to  the  launch  of  Uhuru, 
the  only  identified  point  X-ray  sources 
were  Sco  X-l  and  Cyg  X-2,  and  early 
identification  efforts  were  aimed  at  find- 
ing similar  objects  with  large  ultraviolet 
excess,  emission  lines,  and  rapid  irregular 
variability  in  intensity,  color,  and  radial 
velocity.  No  such  objects  have  been 
found.  Bright  stars,  however,  are  located 
near  at  least  three  X-ray  sources  with 
well-determined  positions:  +34°3815 
(BO  lb)  near  Cyg  X-l;  X  Per  (BOpe) 
near  2U0352+30;  and  HD  77581  (B0.5 
lb)  near  2U0900— 40. 

Brucato  and  Kristian  obtained  coude 
spectrograms  at  the  100-inch  and  200-inch 
telescopes  of  +34°3815,  a  spectroscopic 
binary  with  a  5.6-day  period.  These  ob- 
servations show  weak  variable  emission 
of  He  II  at  A4686.  This  line  appears  on 
some  plates  with  an  inverted  P  Cygni 
profile  (blue-shifted  emission) ,  and  there 
is  a  strong  suggestion  that  the  changes 
in  line  shape  may  be  correlated  with  the 


orbital  period.  The  star  is  a  strong  can- 
didate for  Cyg  X-l,  but  there  is  as  yet 
no  direct  evidence  linking  the  X-ray 
source  with  the  star  or  with  the  weak, 
variable  radio  source  reported  to  be  co- 
incident with  the  star. 

Brucato  and  Kristian  noted  the  coin- 
cidence of  the  star  HD  77581  with  the 
position  of  the  X-ray  source  2U0900— 40 
and,  on  the  basis  of  published  radial 
velocity  measures,  predicted  it  to  be  a 
spectroscopic  binary  with  a  semiampli- 
tude  of  about  30  km  s"1  and  a  period  of 
10  days  or  less.  Subsequently,  W.  A. 
Hiltner  and  P.  Osmer  at  Cerro  Tololo, 
Chile,  found  the  semiamplitude  to  be 
25  km  s"1  and  a  period  of  6.9  days.  They 
also  report  Ha  emission. 

The  bright  Be  star  X  Perseus  is  nearly 
centered  on  one  of  the  X-ray  positions. 
Brucato  and  Kristian  have  studied  the 
spectrum  of  the  star  in  some  detail  and 
have  suggested  it  as  a  candidate  for  the 
X-ray  source  because  it  is  a  rapidly 
rotating  star  that  is  probably  losing  mass. 
But,  as  with  +34°3815  and  Cyg  X-l, 
there  is  no  direct  evidence  linking  either 
X  Per  or  HD  77581  with  the  correspond- 
ing X-ray  sources. 

One  of  the  striking  results  achieved  by 
Uhuru  is  the  discovery  of  two  pulsating 
X-ray  sources,  one  in  Hercules  (1705+ 
34)    and  one  in  Centaurus    (Cen  X-3), 
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with  pulsation  periods  of  l.s238  and 
4.s482,  respectively.  Small  but  regular 
changes  in  the  pulsation  period  of  Cen 
X-3,  together  with  regular  disappearances 
of  the  source,  led  to  the  discovery  by  the 
group  at  American  Science  and  Engineer- 
ing that  Cen  X-3  is  an  eclipsing  binary 
with  a  2.08712-day  period,  the  changes  in 
pulsation  period  being  due  to  the  Doppler 
shift  of  the  orbiting  source.  Kristian, 
Brucato,  and  Westphal  noted  the  pres- 
ence of  the  nearby  optical  eclipsing 
binary  LR  Centaurus  whose  period, 
2.0957  days,  determined  by  Uitterdijk  in 
the  1920's,  was  within  y2%  of  that  of  Cen 
X-3.  LR  Cen  was  observed  at  minimum 
light  by  Brucato  and  Lanning  at  Las 
Campanas,  Chile.  Their  observations, 
combined  with  others  available  in  the 
literature,  show  that  the  period  of  LR 
Cen  is  unchanged  and  definitely  different 
from  the  period  of  Cen  X-3.    This,  to- 


gether with  an  improved  position  of  the 
X-ray  source,  rules  out  LR  Cen  as  the 
identification. 

A  number  of  other  optical  candidates 
have  been  suggested  for  the  recently  pub- 
lished X-ray  sources,  but  in  no  case  is 
the  evidence  convincing.  For  one  source 
(2U1705 — 44),  which  has  a  small  error 
box  of  7  square  arc  min,  Brucato  and 
Kristian  examined  every  star  in  the  field 
to  magnitude  15,  finding  no  cause  to  sug- 
gest any  of  them  as  the  X-ray  source. 

Sco  X-l  and  Cyg  X-2  remain  as  the 
only  identified  galactic  point  sources. 
Probably  the  most  interesting  fact  to 
emerge  is  that  at  least  some  X-ray 
sources  are  binaries.  This  lends  support 
to  early  suggestions  by  Cameron,  Bur- 
bidge,  Prendergast,  and  others  that  some 
X-ray  sources  may  be  due  to  mass  trans- 
fer to  a  collapsed  component  of  a  binary 
system. 


THE     GALAXY 


Galactic  Center 


Becklin  and  Neugebauer  have  made 
infrared  photometric  observations  of  the 
central  1  pc  of  the  nucleus  of  the  Galaxy. 
With  the  200-inch  telescope,  maps  of  5 
arc  sec  (0.25  pc)  resolution  have  been 
made  at  2.2,  3.5,  4.8,  10.1,  and  20  fi.  The 
maps  show  several  discrete  sources  of 
radiation.  An  extended  source  is  seen  at 
2.2  and  3.5  p  (E.  E.  Becklin  and  G. 
Neugebauer,  Astrophys.  J.,  151,  1968), 
which  is  believed  to  correspond  to  a  very 
high  density  of  stars ;  the  peak  brightness 
in  this  source  probably  defines  the  geo- 
metric center  of  the  Galaxy.  This  source 
is  not  seen  at  wavelengths  longer  than 
4.8  ja,  which  is  in  agreement  with  the 
assumption  that  the  emission  is  stellar  in 
origin. 

At  4.8,  10,  and  20  jx,  several  additional 


well-defined  regions  of  emission  have 
been  observed.  The  strongest  of  these  is 
unresolved  and  is  within  5  arc  sec  of  the 
brightness  peak  at  2.2  jx.  The  weaker 
sources  surrounding  this  bright  peak  ap- 
pear to  be  extended;  they  show  wide 
variations  in  their  observed  energy  dis- 
tributions in  the  2  to  20  p  region.  Some 
sources  have  been  observed  only  at  10 
and  20  fx,  while  others  can  be  detected 
only  at  3.5  fx.  The  nature  of  the  5  to  20  /x 
radiation  is  unclear.  For  the  extended 
sources,  thermal  reradiation  by  dust  is 
plausible;  the  central  unresolved  source 
could  be  either  thermal  or  nonthermal. 
A  bright,  pointlike  source  observed  at 
1.65,  2.2,  and  3.5  \x  is  not  seen  at  10  and 
20  fi  and  probably  is  a  late-type  super- 
giant  within  a  few  pc  of  the  galactic 
center. 


SUPERNOVAE 


Discovery 

Twenty-nine  supernovae  were  discov- 
ered at  Palomar  during  the  report  year. 


Nineteen  of  these  were  "old"  objects 
found  by  Zwicky  during  his  search  of 
the  overlapping  region  of  the  Palomar 
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Sky  Survey  plates.  Seven  new  super- 
novae  were  discovered,  two  by  Kirshner 
and  five  by  Kowal,  in  the  course  of  the 
routine  supernova  search  directed  by  Sar- 
gent and  Searle  on  the  48-inch  schmidt. 
Two  more  were  found  by  Kormendy  dur- 
ing other  investigations  on  the  schmidt. 
One  supernova  was  found  by  Kowal  on 
the  18-inch  schmidt,  which  is  now  used 
for  three  nights  each  month  to  survey 
fields  containing  43  Sc  I  galaxies.  These 
galaxies  have  a  supernova  frequency  of 
1  every  10  years,  according  to  a  recent 
estimate  by  Tammann.  During  the  first 
18  months  of  this  survey,  no  supernovae 
were  discovered  in  the  Sc  I  galaxies, 
either  at  Palomar  or  elsewhere.  However, 
Kowal  found  an  8.5  mag  supernova 
(1972e)  in  the  dwarf  irregular  galaxy 
NGC  5253  (Fig.  4)  that  is  probably  at 
the  same  distance  as  the  Sc  I  galaxy 
NGC  5236.  SN  1972e  is  the  brightest 
supernova  to  have  been  found  since  1937c 
in  IC  4182  and  is  the  fourth  brightest  to 
have  been  observed  in  modern  times. 
Like  1937c,  SN  1972e  is  of  Type  I  and 
should  yield  much  useful  data. 

Statistics 

Sargent,  Searle,  and  Kowal  began  an 
analysis  of  the  results  of  the  Palomar 
supernova  search  since  1958.  The  search 
fields  contain  3003  galaxies  brighter  than 
15.7  mag.  In  these  3003  galaxies,  47 
supernovae  have  been  found  at  Palomar 
and  16  at  other  observatories.  The  mag- 
nitude distribution  of  the  supernovae  and 
the  parent  galaxies  is  shown  in  the  ac- 
companying tabulation,  along  with  the 


number  of  galaxy-months  for  which  ob- 
servations were  made.  It  is  seen  that  the 
derived  supernova  frequency,  shown  in 
the  last  column,  is  a  strong  function  of 
the  apparent  magnitude  of  the  parent 
galaxy.  The  apparently  brightest  gal- 
axies have  a  supernova  rate  of  1  every 
17  years,  which  decreases  to  1  every  384 
years  for  the  faintest  galaxies.  There 
are  at  least  two  selection  effects  which 
lead  to  this  result.  One  is  that  the  nearer 
galaxies  in  the  survey  have  a  higher 
proportion  of  Sc  I's;  the  other  is  that 
fainter  supernovae  are  more  likely  to  be 
missed.  Sargent,  Searle,  and  Kowal  are 
making  a  more  detailed  analysis  of  those 
selection  effects.  However,  a  preliminary 
conclusion  to  be  drawn  from  Table  2  is 
that  Zwicky's  estimate  of  1  supernova 
every  350  years  for  the  average  is  too 
low. 

Astrophysical  Investigations 

Photoelectric  spectrum  scans  of  a  num- 
ber of  supernovae  have  been  obtained 
with  the  multichannel  spectrometer  over 
the  past  few  years  by  Gunn,  Oke,  Pens- 
ton,  and  Searle.  Particularly  extensive 
coverage  has  been  obtained  of  SN  1969c 
(Type  I:  NGC  3811) ;  SN  1969h  (Type 
I:  NGC  4725) ;  SN  19691  (Type  II:  NGC 
1058) ;  SN  1970g  (Type  II:  NGC  5459)  ; 
SN  1971i  (Type  I:  NGC  5055);  SN 
19711  (Type  I:  NGC  6384),  and  recently 
of  the  bright  supernova  1972e  (Type  I: 
NGC  5253) .  This  material  is  being  stud- 
ied by  Kirshner,  Oke,  Penston,  and 
Searle. 


TABLE  2.    Frequency  of  Supernovae  in  the  48-Inch  Fields:   1958-1971 


Galaxy 
Magnitude 

Number  of 
Supernovae 

Number  of 
Galaxies 

Galaxy 
Months 
Observed 

Frequency 
Galaxy  Years 
per  Supernova 

<11.0 

7 

31 

1418 

17 

11.1-12.0 

2 

44 

2285 

95 

12.1-13.0 

9 

89 

7465 

69 

13.1-14.0 

8 

220 

12147 

127 

14.1-15.0 

12 

742 

47913 

333 

15.1-15.7 

25 

1875 

115212 

384 
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In  the  first  weeks  after  maximum,  a 
typical  supernova  spectrum  consists  of 
a  continuum,  whose  shape  evolves  with 
time,  that  has  broad  spectrum  lines  super- 
posed on  it.  These  lines  have  a  charac- 
teristic P  Cygni  shape,  such  as  might  be 
produced  by  resonance  scattering  in  an 
expanding  atmosphere.  Certain  of  the 
strongest  features  are  common  to  the 
spectra  of  supernovae  of  both  Type  I 
and  Type  II.  These  are  A3850  attributed 
to  Ca  II,  A5890  of  Na  I,  and  A8600  attrib- 
uted to  the  infrared  triplet  of  Ca  II.  The 
lower  levels  of  these  infrared  Ca  II  lines 
are  metastable  and  the  forbidden  transi- 
tions that  connect  them  to  the  ground 
state  fall  at  7291  and  7324  A.  A  promi- 
nent emission  line,  identified  as  this  inter- 
system  forbidden  transition  in  Ca  II, 
occurs  in  a  spectrum  of  SN  19691  obtained 
290  days  after  maximum  and  also  in  a 
spectrum  of  SN  1970g  obtained  250  days 
after  maximum  light.  At  these  epochs, 
forbidden  lines  of  [0  I]  are  also  promi- 
nent in  the  spectra. 

The  mean  expansion  velocities  of  these 
supernovae,  measured  as  the  velocity  dif- 
ference between  emission  peak  and  ab- 
sorption trough  of  the  P  Cygni  line  pro- 
files, are  8700  km  s"1  for  Type  II  super- 
novae and  14,000  km  s"1  for  Type  I.  The 
main  difference  between  the  spectra  of 
the  two  types  is  in  the  prominence  of  the 
Balmer  series  in  Type  II. 

The  energy  distributions  of  Type  I 
supernovae  at  maximum  light  are  quite 
unlike  blackbodies.  Scans  by  Searle  and 
Oke  of  SN  1972e  and  infrared  observa- 
tions by  Becklin,  Willner,  and  Neuge- 
bauer,  all  obtained  during  the  first  week 
after  discovery,  show  that  the  supernova 
resembles  a  blackbody  of  infinite  tem- 
perature between  1.6  and  2.2  microns, 
while  shortward  of  6000  A  it  resembles 
one  with  a  temperature  of  about  4000°. 

Supernovae  of  Type  II,  on  the  other 
hand,  do  resemble  blackbodies  near  maxi- 


mum light  with  a  temperature  that  cools 
from  10,000°  at  maximum  to  about  5,000° 
a  month  later.  When  these  phenomena 
are  better  understood,  it  is  hoped  that 
measurements  of  the  changes  in  tempera- 
ture and  light  and  of  the  expansion 
velocities  will  enable  the  intrinsic  lumi- 
nosities of  Type  II  supernovae  to  be  de- 
termined in  a  purely  astrophysical  way 
by  a  method  analogous  to  that  proposed 
by  Baade  for  variable  stars. 

The  availability  of  an  excellent  image 
tube  at  the  18-inch  camera  of  the  Hale 
reflector  permitted  Greenstein  to  obtain 
high-resolution  spectra  of  the  supernova 
in  NGC  5253  approximately  two  weeks 
after  maximum.  Although  the  broad 
bands  characteristic  of  a  supernova  of 
Type  I  are  clearly  visible  on  spectra  at 
18  A  mm"1  (red  and  infrared) ,  essentially 
no  sharp  features  were  detected.  Because 
of  the  object's  low  altitude,  atmospheric 
water  vapor  and  O2  mask  a  good  frac- 
tion of  the  red  and  infrared;  nevertheless, 
the  weak  interstellar  Na  I  lines  of  our 
Galaxy  are  visible,  as  are  the  H  and  K 
lines  of  Ca  II.  In  addition,  there  is  a 
somewhat  diffuse  absorption  line  at  a 
velocity  near  that  of  the  emission  lines 
of  the  nucleus  of  NGC  5253.  This  very 
weak  feature  may,  in  fact,  be  from  the 
interstellar  gas  of  NGC  5253,  or  it  may 
derive  in  some  obscure  fashion  from  the 
supernova's  interaction  with  circum- 
stellar  gas. 

The  broad  features  of  the  supernova, 
as  seen  at  high  dispersion,  may  be  best 
interpreted  as  containing  both  emission 
and  absorption  components.  The  width 
from  the  long  wavelength  edge  of  a  given 
emission  to  the  short  wavelength  edge  of 
its  associated  absorption  is  approxi- 
mately 150  A,  i.e.,  approximately  10,000 
km  s"1.  This  may  well  be  an  underesti- 
mate because  features  present  may  over- 
lap each  other  and  reduce  the  apparent 
width  of  any  single  constituent  line. 
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GALAXIES 


Blue  Galaxies 


Searle  and  Sargent  continued  work  on 
the  stellar  content  and  chemical  history 
of  blue  galaxies.  Markarian  116  (=1  Zw 
0930+55)  is  a  blue  galaxy  that,  as  was 
reported  in  Year  Book  70  (p.  423) ,  has  a 
metal-poor  interstellar  medium.  It  is  the 
prototype  of  a  class  of  galaxies  now 
known  to  include  II  Zw40  and  Markarian 
36  =  Haro  4.  In  all  these  galaxies,  oxy- 
gen and  neon  are  deficient  with  respect 
to  hydrogen  and  helium  (compared  to  the 
solar  composition).  This  probably  indi- 
cates that  all  elements  heavier  than  hy- 
drogen and  helium  are  deficient  in  their 
interstellar  gas.  In  further  work  on  these 
interesting  objects,  Sargent  obtained 
spectrograms  at  90  A  mm"1  of  18  dwarf 
emission-line  galaxies  which  low-disper- 
sion surveys  had  indicated  might  resem- 
ble the  prototypes.  Searle  has  obtained 
photoelectric  scans  of  these,  finding  that 
about  half  are  probably  metal-poor  gal- 
axies. More  refined  observations  are 
under  way. 

Particular  attention  is  being  devoted 
to  blue  galaxies  in  binary  systems.  The 
ratio  of  mass  to  luminosity  in  these  gal- 
axies is  found  to  be  surprisingly  large. 
Searle  and  Sargent  interpret  this  as  indi- 
cating that  most  of  the  mass  in  these 
galaxies  is  in  the  form  of  neutral  hydro- 
gen gas;  they  have  shown  that  a  simple 
theory  of  metal  enrichment  by  stellar 
nucleosynthesis  predicts  that  the  metal 
content  in  the  interstellar  gas  of  a  galaxy 
increases  as  the  ratio  of  the  total  mass  to 
gas  mass  increases  and,  in  fact,  is 
roughly  proportional  to  the  logarithm  of 
this  ratio. 

Computations  of  the  integrated  UBV 
colors  of  stellar  systems  as  a  function  of 
their  age  and  history  of  star  formation 
were  briefly  described  in  Year  Book  70 
(p.  423).  These  calculations  by  Searle, 
Sargent,  and  Bagnuolo  have  been  ex- 
tended to  compute  the  colors  of  galaxies 
experiencing  violently   fluctuating   star- 


formation  rates.  Comparison  of  the  re- 
sults of  these  calculations  with  the  colors 
of  blue  galaxies  shows  that  most  of  these 
are  galaxies  with  ages  of  approximately 
1010  years  that  have  experienced  a  rate  of 
star  formation  which,  when  averaged  over 
sufficiently  large  regions  and  sufficiently 
long  times,  has  been  approximately  con- 
stant over  their  entire  lives.  Such  a  long- 
term  stability  in  the  star  formation  rate 
is  likely  to  occur  in  a  galaxy  only  where 
star  formation  has  not  yet  seriously  de- 
pleted the  gas  supply.  It  can,  therefore, 
be  understood  why  blue  galaxies  are 
metal-poor.  Conversely,  galaxies  that 
have  nearly  exhausted  their  gas  supply 
will  be  both  red  and  metal-rich. 

Searle  and  Sargent  suggest  that  the 
rate  of  star  formation  in  any  small  region 
of  a  blue  galaxy  is  very  irregular.  By 
taking  account  of  violent  fluctuations  in 
the  star  formation  rate  they  find  it  possi- 
ble to  account  for  the  colors  of  the  bluest 
galaxies  and  for  the  fact  that  all  of  these 
are  dwarfs.  Although  the  possibility  can- 
not be  completely  excluded,  there  ap- 
pears to  be  no  strong  reason  for  believing 
that  these  bluest  galaxies  are  young. 

In  a  related  program,  Searle  obtained 
spectral-energy  distributions  of  the  inte- 
grated light  of  9  galactic  clusters  in  the 
nearby  galaxy  M33  and  is  comparing 
them  with  similar  scans  of  18  Haro 
galaxies.  A  preliminary  result  is  the 
presence  of  large  Balmer  discontinuities 
in  the  scans  of  the  Haro  galaxies,  showing 
that  their  blue  color  does  indeed  originate 
from  young  stars.  A  comparison  of  clus- 
ter and  galaxy  scans  shows  clearly  that 
the  stellar  content  of  the  Haro  galaxies 
is  a  mixture  of  both  young  and  old 
stellar  populations. 

Oke,  Neugebauer,  and  Searle  com- 
pleted a  detailed  study  of  18  representa- 
tive Markarian  galaxies.  Seventy  image- 
tube  spectra  with  dispersions  between  20 
and  80  A  mm-1  were  obtained  by  Searle, 
and  photoelectric  spectrum  scans  cover- 
ing the  region  between  A3200  and  A11000 
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by  Oke  and  Searle;  the  energy  distribu- 
tion was  extended  into  the  infrared  by 
Neugebauer,  who  measured  the  bright- 
ness of  these  objects  at  1.6,  2.2,  and, 
where  possible,  3.5  p.. 

There  are  two  main  classes  of  object. 
One  class  consists  of  blue  galaxies  whose 
blue  light  arises  from  a  stellar  population 
rich  in  young  stars.  The  other  type  con- 
sists of  galaxies  with  prominent  semi- 
stellar  nuclei  whose  spectra  all  contain 
lines  of  [Ne  V]  and  often  those  of  [0  I] 
as  well.  In  all  their  properties  they 
closely  resemble  the  classical  Seyfert 
galaxies.  The  main  new  result  that 
emerges  from  this  investigation  is  that 
there  is  a  correlation  between  the  emis- 
sion-line spectrum  of  these  Seyfert  gal- 
axies and  the  character  of  the  continuous 
spectrum.  Whenever  the  continuous  spec- 
trum has  a  strongly  nonthermal  charac- 
ter, being  very  strong  in  the  infrared, 
broad  permitted  Balmer  lines  and  broad 
bands  at  A4550  and  A5180  attributed  to 
Fe  II  are  prominent  features  in  the  line 
spectrum.  On  the  other  hand,  whenever 
the  continuous  spectrum  is  dominated  by 
starlight,  the  broad  permitted  lines  are 
not  found. 

Oke,  Neugebauer,  and  Searle  believe 
that  the  integrated  spectrum  of  a  Seyfert 
galaxy  is  made  up  of  three  essentially 
independent  components:  the  starlight, 
the  line  emission  from  the  gas  producing 
the  forbidden  line  spectrum,  and  the  emis- 
sion in  both  permitted  lines  and  non- 
thermal continuum  from  a  "third  compo- 
nent." The  spectrum  that  they  derive  for 
this  third  component  resembles  very 
closely  the  spectrum  of  the  quasar  3C273. 
They  conclude  that  a  Seyfert  galaxy  is 
one  that  has  a  quasar  in  its  nucleus. 

Spectroscopy  of  Galaxies 

The  coude  image  tube  has  been  used  by 
Greenstein  to  study  the  spectrum  of  the 
nucleus  of  the  Seyfert  galaxy  NGC  4151. 
Most  emission  lines  are  characteristically 
4  A  wide,  so  that  the  coude  dispersion  is 
desirable.    The   presence   of    [Fe  X]    is 


confirmed,  as  are  several  of  the  other 
stages  of  ionization  of  iron,  with  [Fe 
VII]  particularly  strong.  The  emission 
lines  have  quite  different  widths ;  there  is 
some  tendency  for  the  higher  ionization- 
level  lines  to  be  sharper.  Interesting 
structural  details  occur  in  the  red  [S  II] 
doublet.  Each  component  was  itself 
double,  showing  appreciable  velocity  and 
profile  changes  in  one  month.  Neverthe- 
less, the  [S  II]  lines  at  A4070  were  not 
certainly  double.  This  may  be  an  effect 
of  high  density  in  a  rapidly  moving  and 
expanding  jet.  Little  evidence  for  stellar 
absorption  is  seen  in  the  nucleus;  the 
well-known  strong  absorption  dip  associ- 
ated with  the  metastable  He  I  line,  A3888, 
is  present  and  has  considerable  structure. 
Large  variable  jetlike  activity  is  sug- 
gested. 

Another  application  of  the  high  resolu- 
tion attainable  with  the  image  tube  at 
the  coude  has  been  the  study  of  the  line 
spectrum  and  line  profiles  in  nuclei  of 
normal  galaxies,  where  the  stellar  content 
dominates.  Excellent  resolution  of  the 
nucleus  of  M32  suggests  a  low  velocity 
dispersion;  the  giant  elliptical  NGC 
4472  shows  lines  many  times  broader  and 
in  some  cases  of  quite  different  inten- 
sities. It  is  planned  to  predict  detailed 
synthetic  spectra  of  galaxies  from  stellar 
spectra  at  higher  than  normal  resolu- 
tion and  to  broaden  these  until  they  fit 
the  observed  line  profiles  of  galaxies.  The 
spectrum  of  the  typical  elliptical  is  ob- 
served to  be  markedly  composite  even  in 
a  limited  spectral  region  in  the  blue.  The 
hydrogen-line  type  does  not  agree  with 
that  from  Ca  I;  the  light  in  the  blue- 
violet  seems  to  come  largely  from  giants, 
insofar  as  absolute-magnitude  indicators 
used  for  single  stars  can  be  trusted. 

Other  high-resolution  studies  of  spectra 
of  galaxies  suggest  that  many  important 
possibilities  are  open.  The  so-called  iron 
galaxy,  I  Zw  0051  +  12,  studied  previously 
by  Sargent,  has  relatively  sharp  lines, 
perhaps  10  A  wide,  except  for  Ha  which 
(although  it  is  located  in  the  atmospheric 
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02  band)  is  approximately  70  A  wide, 
i.e.,  somewhat  like  that  in  Seyfert  gal- 
axies. 

Supergiant  D  Galaxies 

Multichannel  spectrophotometry  of 
about  half  of  the  Morgan-Lesh  list  of 
supergiant  nuclei  of  Abell  clusters  has 
been  completed  by  Gunn.  The  energy 
distributions  of  most  of  these  seem  to  be 
similar,  as  one  might  expect,  and  contain 
no  surprises.  They  are,  on  the  average, 
redder  than  ordinary  giant  ellipticals  and 
show  little  or  no  aperture  effect  in  either 
color  or  spectral  features.  A  few  have 
anomalous  spectra  which,  crudely  speak- 
ing, show  "supermetallicity"  of  enormous 
extent.  These  objects  must  be  examined 
further  with  better  signal-to-noise  and 
higher  resolution  before  the  conclusion 
can  be  made  with  certainty. 

Colors  of  Normal  Galaxies 

UBV  and  near-infrared  photometry  by 
M.  V.  Penston  have  been  combined  to 
give  colors  for  the  galaxies  M32,  M33, 
M51,  NGC  5195,  and  M101.  In  particu- 
lar, V  —  [2.2  /*]  varies  from  +  2.2  ±  0.2 
for  M33  to  +3.74  for  NGC  5195.  The 
V  —  [2.2  jit]  color  of  M32  when  corrected 
for  reddening  is  bluer  by  more  than  0.2 
mag  than  that  predicted  by  the  popula- 
tion models  of  Spinrad  and  Taylor 
(Astrophys.  J.  Suppl.,  22,  445,  1971) . 

Infrared  Photometry 

Gunn  obtained  multichannel  scans  of 
Maffei  2,  the  spiral  companion  to  the 
nearby  elliptical  galaxy  Maffei  1.  His 
data  in  combination  with  infrared  pho- 
tometry by  Neugebauer  and  Becklin 
yield  a  total  absorption  of  6.4  mag  and  a 
dereddened  energy  distribution  in  quite 
satisfactory  agreement  with  that  of  the 
nucleus  of  M31. 

A  detailed  study  of  the  central  region 
of  NGC  253  has  been  completed  in  the 
infrared  by  Becklin  and  Neugebauer. 
NGC  253  is  a  normal  nearby  spiral  gal- 


axy that  is  visually  heavily  obscured  and 
is  also  a  strong  radio  source;  OH  has 
been  observed  in  absorption  in  this  gal- 
axy as  well  as  in  M82  (L.  Weliachew, 
Astrophys.  J.  [Lett.],  167,  L47,  1971). 
The  studies  have  employed  apertures  of 
various  sizes  at  wavelengths  from  1.6  /x 
to  10  fi.  The  energy  distribution  of  the 
central  area  of  NGC  253  is  strikingly 
different  from  that  of  a  normal  galaxy. 
Superficially  it  resembles  those  of  several 
galaxies  that  are  thought  to  be  non- 
thermal emitters.  In  its  strength,  energy 
distribution,  and  extent  the  infrared 
source  in  NGC  253  is  similar  to  M82. 
Most  importantly,  the  aperture  data 
make  it  clear  that  the  source  of  energy  is 
spatially  extended,  even  at  the  longer 
wavelengths,  on  a  scale  of  about  20  arc 
sec  or  < —  250  pc.  This  area  is  too  large 
to  allow  the  energy  to  come  from  a  single 
nonthermal  source.  Moreover,  the  asso- 
ciation with  visually  obscuring  clouds 
seems  to  point  to  a  thermal  origin  for  the 
radiation.  Thus,  together  with  M82, 
NGC  253  presents  evidence  for  thermal 
extragalactic  infrared  sources  in  con- 
trast to  the  nonthermal  sources  appar- 
ently present  in  Seyfert  galaxies  such  as 
NGC  4151. 

The  nucleus  of  the  radio  galaxy  Cen- 
taurus  A,  NGC  5128,  was  studied  in  the 
infrared  from  1  to  10  /x  by  Becklin  and 
Neugebauer.  The  data  were  obtained 
over  a  range  of  apertures  from  5  to  100 
arc  sec  and  have  been  interpreted  in  terms 
of  a  nonthermal  nuclear  core  of  diameter 
^  7  arc  sec  superimposed  on  a  stellar 
background.  The  core  is  about  10  times 
brighter  than  the  nucleus  of  the  galaxy 
and  25  times  brighter  than  the  corre- 
sponding central  25  pc  of  M31.  The  en- 
ergy distribution  of  this  core  from  X-ray 
to  radio  wavelengths  shows  a  gross  simi- 
larity to  that  of  the  Crab  Nebula  and  to 
the  Seyfert  galaxy  NGC  1275.  The  core 
was  discovered  with  the  100-inch  Hooker 
telescope  in  the  infrared  and  also  was 
independently  discovered  with  a  1  ju, 
image  tube  by  Kunkel  and  Bradt  (Astro- 
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phys.  J.  [Lett.],  170,  L7,  1971).  The 
infrared  data  were  published  jointly  with 
observers  from  Minnesota  and  Harvard. 

Observations  by  Neugebauer  and 
Becklin  of  NGC  4151  and  NGC  1068 
have  continued  at  1.65,  2.2,  and  3.5  jx. 
The  variations  observed  in  NGC  4151 
during  1970  at  2.2  jx  by  Penston  et  al. 
(Monthly  Notices  Roy.  Astron.  Soc,  153, 
29,  1971)  have  been  confirmed  during  the 
past  year.  The  observations  of  NGC 
1068,  however,  show  no  variations  at 
either  2.2  or  3.5  //,  greater  than  10%.  Sig- 
nificant variations  on  a  time  base  as  short 
as  one  hour  have  been  observed  for  the 
quasi-stellar  source  3C446.  On  the  other 
hand,  the  infrared  flux  from  3C273  has 
shown  only  slight  changes  (^  10%)  over 
a  time  base  of  several  years. 

Becklin,  Neugebauer,  and  the  Penstons 
in  collaboration  with  observers  at  the 
Royal  Greenwich  Observatory  have  been 
making  optical  and  infrared  observations 
of  some  bright  Seyfert  galaxies  to  see  how 
variations  at  the  two  wavelength  regions 
relate  to  one  another  and  to  separate 
where  possible  the  emission  of  the  nu- 
cleus from  that  of  the  rest  of  the  galaxy. 
Continued  monitoring  of  NGC  4151  dur- 
ing 1971  again  showed  no  simple  rela- 
tionship between  optical  and  infrared 
light  curves.  Optically,  maxima  occurred 
in  January  and  June  with  a  0.5-mag  dip 
between  these  dates,  while  in  the  infrared 
the  nucleus  remained  at  a  constant  level 
until  June,  when  a  decline  of  0.3  mag 
occurred.  In  both  regions  the  object  was 
generally  brighter  than  in  1970.  The  pat- 
tern seen  in  1970,  in  which  an  infrared 
maximum  followed  an  optical  maximum 
by  — 70  days,  was  not  repeated  in  1971. 
This  fact  casts  doubt  on  the  dust  model 
for  the  infrared  emission. 

NGC  1068, 1275,  and  7469  were  studied 
in  a  similar  way  and  optical  variations  of 
0.4  and  0.1  mag  were  seen  in  NGC  1275 
and  NGC  7469,  respectively.  However, 
no  infrared  variations  were  seen  outside 
the  errors  of  observation;  any  variation 
is  probably  less  than  0.2  mag. 


Broad-band  optical  and  infrared  ob- 
servations of  the  other  Seyfert  galaxies 
NGC  3227,  3516,  4051,  and  5548  are  in- 
sufficient to  give  any  information  on 
variability  but  enable  a  separation  of 
nucleus  and  galaxy  to  be  made,  and  show 
in  the  case  of  NGC  4051  and  5548  clear 
infrared  excesses  at  2  y,. 

BL  Lacertae 

Direct  photographs  on  IHa-J  emulsion 
with  the  48-inch  schmidt  by  the  Penstons 
show  an  extended  obj  ect  of  extremely  low 
surface  brightness  about  1  min  of  arc 
south  of  BL  Lac.  It  is  possible  this  ex- 
tended object  may  be  a  galaxy  at  the 
same  distance  as  BL  Lac  but  much  ab- 
sorbed by  material  in  our  own  Galaxy. 

Ultraviolet  Knots  in  Irregular  Galaxies 

Sargent  obtained  low-dispersion  image- 
tube  spectra  of  ultraviolet  knots  that 
Braccesi  and  co-workers  had  found  to 
dominate  the  light  of  two  irregular  gal- 
axies, Anon  0947.4+31  °43'  and  Anon 
1242.1 +28°45'.  These  objects  turn  out 
to  be  giant  high-excitation  H  II  regions. 

NGC  7331  and  Stephan's  Quintet 

Sets  of  limiting-exposure  Illa-J  plates 
were  obtained  by  Kormendy  and  Arp 
with  the  48-inch  schmidt.  These  are  being 
superposition-printed  and  will  be  com- 
pared in  an  attempt  to  confirm  the  pres- 
ence of  suspected  luminous  material  in 
the  region  between  NGC  7331  and 
Stephan's  Quintet. 

H  II  Regions  in  M31  and  M33 

Exposures  behind  an  Ha  interference 
filter  for  214  min  with  the  48-inch 
schmidt  on  both  M31  and  M33  by  Arp 
have  given  plate  material  on  which  to 
study  the  diameters  of  H  II  regions  in 
these  two  Local  Group  spirals.  The  scale 
of  the  schmidt  gives  an  indication  of  the 
appearance  of  H  II  regions  as  observed 
in  more  distant  galaxies  with  large  reflec- 
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tors.  It  is  found  that  fewer  but  larger 
H  II  regions  are  found  on  the  small-scale, 
long-exposure  Ha  plates.  Apparently 
this  is  the  result  of  merging  on  smaller- 
scale  plates.  The  biggest  H  II  regions 
were  found  to  occur  in  the  Sb  spiral  M31, 
where  sometimes  a  whole  segment  of  a 
spiral  arm  appears  to  become  an  H  II 
region  with  a  maximum  dimension  of 
about  600  pc.  Frequency-distribution 
histograms  are  given  for  H  II  region 
diameters  in  M31  as  a  function  of  surface 
brightness.  It  is  intended  to  use  these 
results  for  calibration  of  distances  in 
NGC  7331  and  Stephan's  Quintet. 

Chains  of  peculiar  galaxies  and  multi- 
ple interacting  galaxies  have  been  investi- 
gated systematically  by  Arp.  Thirty-two 
spiral  galaxies  between  10.0  <  mpg  < 
11.2  mag  were  examined  on  Palomar  Sky 
Survey  plates.  Twenty-two  of  these  had 
double  or  multiple  interacting  compan- 
ions, ten  times  as  many  as  in  fields  far 


from  spirals.  Some  of  these  multiple 
interacting  systems  have  been  photo- 
graphed at  the  200-inch  prime  focus  and 
spectra  have  been  obtained. 

A  program  of  deep  photographs  with 
the  48-inch  schmidt  on  bright  spirals  with 
peculiar  companions  has  begun.  One  of 
the  first  objects  investigated,  the  well- 
known  Seyfert  galaxy  NGC  4151,  shows 
outer  spiral  structure  not  previously  re- 
ported. A  plate  by  Kormendy  and  some 
plates  by  Arp  show  luminous  connections 
from  NGC  4151  to  some  of  the  nearby 
companions. 

Sargent,  in  his  study  of  redshifts  within 
chains  and  interacting  groups  of  galaxies, 
omitted  some  of  the  fainter  members. 
Arp  is  now  completing  the  redshift  studies 
in  some  of  these  groups.  The  new  red- 
shifts  that  he  reports  are:  Arp  324D  = 
9700  km  s"1,  Arp  324F  =  8700  km  s"1, 
and  VV116E  =  6600  km  s"1. 


RADIO     GALAXIES 


New  Identifications  of  SCR 
Radio  Sources 

As  the  first  phase  of  a  program  to 
establish  the  nature  of  all  3CR  sources  to 
the  200-inch  limit,  Kristian,  Sandage, 
and  Katem  have  examined  50  fields,  most 
of  them  previously  found  to  be  empty  to 
the  limit  of  the  Palomar  Sky  Survey. 
Positions  of  nearby  optical  objects  were 
measured  with  an  accuracy  of  1  arc  sec  or 
better  and  compared  with  the  best  radio 
positions  from  the  several  good  recent 
catalogs.  New  identifications  have  so  far 
been  made  in  half  of  the  fields  surveyed. 
About  half  of  the  new  identifications  are 
faint  galaxies;  the  nature  of  the  re- 
mainder is  still  uncertain.  Several  pre- 
vious misidentifications  were  found  and 
at  least  six  very  faint  galaxy  clusters 
were  discovered.  For  many  of  the  fields 
that  remain  empty,  plates  taken  with  the 
200-inch  in  the  best  conditions  are  still 
lacking. 


Redshifts  of  Galaxies  in  the  4-C  Catalog 

Sargent  began  a  program  to  obtain  red- 
shifts  of  galaxies  identified  with  radio 
sources  in  the  4C  catalog.  The  zone  be- 
tween declination  +20°  and  +40°  for 
which  accurate  radio  positions  and  op- 
tical identifications  are  available  from 
Olsen's  (Astron.  J.,  75,  764,  1970)  work 
was  chosen  for  the  initial  survey.  Olsen 
identified  133  radio  galaxies  in  this  zone. 
Spectra  were  obtained  for  101  of  these 
galaxies  in  the  report  year  with  the 
image-tube  spectrograph  at  the  Casse- 
grain  focus  of  the  Hale  telescope.  These 
spectra  have  so  far  yielded  58  redshifts 
for  galaxies.  Objects  with  large  redshifts 
include  4C39.4  (z  =  0.2107),  4C39.72 
(z  =  0.2060),  4C25.26  {z  =  0.2828), 
4C37.34  (z  =  0.3038),  4C22.45  {z  = 
0.2525),  4C29.44  (z  =  0.3292),  4C37.29 
(z  —  0.3456) ,  4C39.35  (z  =  0.2435) ,  and 
4C20.34  (z  =  0.2540).  All  of  the  above 
objects  have  emission  lines.  Several  ob- 
jects, including  4C29.9,  4C23.29,  4C23.36, 
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4C25.60,  4C32.1,  and  4C32.32,  were  found 
to  be  galactic  stars.  The  source  4C29.44 
is  in  the  field  of  the  cluster  of  galaxies 
ZwCl  1151.6+2934  which  Zwicky  classi- 
fied as  "extremely  distant"  with  an  esti- 
mated z  s3=  0.2.  The  cluster  seems  to  be 
too  bright  for  the  measured  redshift;  the 
membership  of  the  radio  galaxy  will  be 
checked  next  season. 

It  is  intended  that  spectroscopy  of  a 
complete  sample  of  these  4C  radio  gal- 
axies will  be  followed  by  accurate  pho- 
tometry. 

Radio  Source  Identification  in  5C  Areas 

M.  V.  Penston  obtained  Ilia- J  and 
two-color  plates  on  the  48-inch  schmidt 
of  all  the  5C  areas.  To  date,  the  5C3 
catalog  has  been  examined  in  collabora- 
tion with  A.  Parkes  of  the  University  of 
Sussex,  England.  It  shows  a  very  small 
percentage  identification  rate  of  UV 
bright  candidate  quasars  (< — 1%).  The 
accuracy  of  the  radio  positions  is,  how- 
ever, such  that  it  should  be  possible  to 
attempt  identification  without  regard  to 
the  color  of  the  candidate  objects  (qua- 
sars with  z  >  2.5  may  no  longer  have 
ultraviolet  excesses).  AGK2  positions 
accurate  to  ±0."37  have  been  reproduced 
all  over  a  10-inch  square  plate,  and  it  is 
planned  to  use  the  GALAXY  engine  at 
the  Royal  Greenwich  Observatory  to 
search  the  plate  material  for  identifica- 
tions based  on  position  coincidence  only. 

New  Observations  of  the  Supposedly 
Exploding  Galaxy  M82 

The  extensive  system  of  filaments  in 
the  halo  of  the  radio  galaxy  M82  appar- 
ently holds  clues  to  the  history  of  this 
nearby  system — a  galaxy  which  in  recent 
years  has  been  taken  as  a  model  of  ex- 
plosive events  in  radio  sources.  The 
radiation  mechanism  of  the  filaments  re- 
mains a  mystery.  Measurements  of  linear 
polarization  and  color  of  their  light  sev- 
eral years  ago  by  Sandage,  Miller,  and 
Visvanathan    suggested    that    the    fila- 


mentary radiation  was  due  to  the  syn- 
chrotron mechanism,  as  developed  in  the 
original  model  by  Lynds  and  Sandage  in 
1963.  But  observations  by  Mrs.  Elvius 
at  Lowell  Observatory  in  1962,  1967,  and 
1969  suggested  to  her  that  the  light  of 
the  filaments  was  due  to  scattering,  pre- 
dominantly by  dust.  In  a  third  model  by 
Solinger,  a  blast  wave  explosion  was 
postulated  where  the  filaments  were 
caused  by  concentrations  of  electrons 
scattering  light  from  an  intense  central 
semi-Seyfertlike  nucleus  in  M82. 

To  provide  more  stringent  tests  of  these 
conflicting  suggestions,  Sandage  and  Vis- 
vanathan began  an  observational  pro- 
gram in  1969  on  four  aspects  of  the  prob- 
lem. 

1.  Linear  polarization  was  measured 
of  five  new  filaments  chosen  so  that  the 
angles  of  the  electric  vector  of  the  polar- 
ization would  decide  between  the  syn- 
chrotron hypothesis  (which  requires  the 
electric  vector  to  be  perpendicular  to  the 
filament)  and  the  scattering  hypothesis 
(requiring  the  electric  vector  to  be  per- 
pendicular to  the  radius  vector  from  the 
center  of  M82). 

2.  Polarization  of  the  Ha  emission  line 
was  measured.  It  should  be  unpolarized 
in  the  synchrotron  model  but  should  be 
polarized  like  the  continuum  radiation  in 
the  scattering  model. 

3.  The  wavelength  dependence  of 
polarization  was  measured  from  AA0.36 
to  0.8  /x. 

4.  The  absolute  energy  distributions 
of  two  filaments  were  measured  from 
AA0.36  to  0.9  n  and  compared  with  the 
dereddened  distribution  of  the  center  of 
M82. 

The  results  appear  to  require  that  the 
filaments  are  due  to  electron  scattering 
of  light  from  the  central  region  in  M82. 
Sandage  and  Visvanathan  found  that  the 
polarization  angle  test,  using  all  17  fila- 
mentary patches  that  they  measured  in 
the  1968  and  in  the  current  new  work, 
agree  to  within  2  a  of  the  scattering  model 
but  differ  by  4  to  9  a  from  the  prediction 
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of  the  synchrotron  mechanism.  They 
measured  the  polarization  of  the  Ha 
emission  line  in  an  outlying  patch  to  be 
27%  ±  3%  at  6  =  54°,  which  is  the 
same  magnitude  and  angle  as  the  con- 
tinuum radiation  of  the  same  patch.  This 
can  be  understood  only  if  scattering  is  the 
dominant  process  in  the  halo. 

To  the  accuracy  of  the  measurements 
( — ±3%),  no  wavelength  dependence  of 
the  continuum  polarization  was  found 
over  the  spectral  range  aaO.36  to  0.8  n, 
which  requires  either  that  the  scattering 
particles  be  electrons  or  that  they  be 
grains  with  much  larger  dimensions  than 
the  wavelength  of  the  measured  light. 

The  absolute  energy  distributions  of 
several  filaments  are  similar  to  each  other 
and  to  the  central  region  of  M82  dered- 
dened  by  2.8  mag.  The  equivalent  width 
of  Ha  is  also  similar  in  the  regions 
measured.  These  results  are  required  if 
central  M82  is,  in  fact,  the  source  of  scat- 
tered light  in  the  halo. 

If  the  scattering  is  by  electrons  and  if 
central  M82  is  the  radiation  source,  the 
data  on  the  absolute  surface  brightness  of 
the  halo  filaments  and  its  radial  distribu- 
tion can  be  made  to  yield  a  required  total 
electron  mass  in  the  halo  of  — 2  X  104 
3TC0. 

But  Sandage  and  Visvanathan  are  un- 
convinced that  a  simple  scattering  model 
explains  the  system. 

1.  The  emission  lines  in  the  halo  are 
narrower  than  AA  ~  6  A,  and  this  requires 
that  the  internal  motions  of  the  particles 
be  less  than  300  km  s"1.  The  limit  on  the 
corresponding  electron  temperature  is 
Te  <  6000°  K.  A  blast-wave  origin  for 
the  electrons  would  seem  to  be  excluded. 

2.  At  this  temperature,  why  is  there 
no  recombination? 

3.  Why  is  the  observed  polarization 
so  much  smaller  than  100%  ?  What  is  the 
depolarizing  mechanism  other  than  ad 
hoc  geometry? 

4.  The  complex  velocity  field  is  now 
not  understood  if  scattering  is  involved. 
The    simple    explosion    model    used    by 


Lynds  and  Sandage  to  explain  their  ob- 
servations of  the  velocity  field  of  the 
filaments  does  not  apply  if  scattering  is 
present,  and  it  is  not  now  at  all  clear 
that  an  explosion  actually  took  place. 
The  observation  of  Ha  polarization  ap- 
pears to  have  destroyed  the  Lynds-Sand- 
age  explosion  model  and  with  it  what  had 
been  considered  the  best-observed  case  of 
an  actual  explosion  believed  to  charac- 
terize the  general  radio  sources. 

Structure 

It  is  generally  assumed  that  the  radio- 
emitting  regions  of  the  double  radio 
sources  are  aligned  along  or  close  to  the 
rotation  axis  of  the  associated  galaxy. 
Searle  has  begun  a  program  to  study  the 
structure  of  these  galaxies  and,  in  par- 
ticular, to  test  this  assumption  that  is 
fundamental  to  the  theories  of  radio  gal- 
axy origins.  It  has  been  shown  that  the 
radio  regions  are  more  commonly  found 
near  the  projected  major  axis  of  the  asso- 
ciated galaxy  than  near  the  projected 
minor  axis.  If  this  is  the  case,  the  con- 
ventional view  implies  that  the  radio 
galaxies  are  prolate  in  form.  So  far  the 
rotation  axes  have  been  determined  for 
only  three  of  the  18  radio  galaxies  inves- 
tigated, but  this  doubles  the  amount  of 
information  available.  The  new  radio 
galaxies  with  well-determined  rotational 
axes  are  3C223.1,  3C285,  and  3C338.  All 
of  these  rotate  about  their  minor  axes. 
If  they  prove  to  be  typical,  it  will  indi- 
cate that  the  radio-emitting  regions  lie 
close  to  the  equatorial  planes  of  their 
associated  galaxies. 

Spectral-Energy  Distributions 

Oke  has  continued  his  program  to  ob- 
tain absolute  spectral-energy  distribu- 
tions of  radio  galaxies.  Most  of  these  are 
from  the  list  of  31  redshifts  published  by 
Schmidt  (Astrophys.  J.,  141,  1,  1965),  al- 
though several  other  galaxies  such  as 
Cygnus  A  and  some  N-galaxies  are  also 
included.  Seven  galaxies  remain  to  be 
observed. 
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During  the  year,  Shields  and  Oke  used 
the  multichannel  spectrometer  to  obtain 
a  very  accurate  energy-distribution  spec- 
trum of  the  nucleus  of  NGC  1068.  The 
observations  reveal  that  the  strong  emis- 
sion lines  have  broad  wings  extending  to 
a  velocity  of  10,000  km  s"1  from  the  line 
center.  These  wings  are  seen  not  only  in 
the  profiles  of  the  B aimer  lines  but  also 
in  the  [O  III]  AA4959,  5007  lines  as  well ; 
such  broad  wings  have  previously  been 
reported  only  in  the  permitted  lines  of 
Seyfert  galaxy  spectra.  These  observa- 
tions rule  out  electron  scattering  as  the 
broadening  mechanism  and  strongly  sug- 
gest mass  motions  as  the  cause. 

Oke  has  obtained  absolute  spectral- 
energy  distributions  of  the  three  highly 
variable  radio  sources,  BL  Lacertae,  OJ 
287,  and  OK  290.  Repeated  observations 
have  failed  to  reveal  any  features  in  BL 
Lac.  OJ  287  may  have  several  weak  and 
broad  absorption  lines.  OK  290  has  strong 


broad  emission  lines  and  a  tentative  red- 
shift  of  0.69  has  been  obtained. 

Radio  Astronomy 

In  an  extension  of  his  investigation  of 
the  areas  immediately  surrounding  bright 
spiral  galaxies,  Arp  has  utilized  the  radio 
astronomy  facility  at  Goldstone,  Cali- 
fornia. Familiarization  runs  on  the  85- 
foot  radio  telescope  were  followed  by 
observing  with  the  210-foot  instrument. 
Arp  reports  that  there  is  an  apparent 
excess  of  radio  sources  in  the  region  be- 
tween NGC  7331  and  Stephan's  Quintet. 

The  210-foot  telescope  was  used  also 
to  map  regions  of  several  square  degrees 
around  the  following  bright  spirals :  NGC 
2903,  NGC  2947,  NGC  4038,  NGC  4151, 
NGC  3718,  NGC  247,  and  NGC  4258. 
The  first  four  of  these  regions,  in  particu- 
lar, showed  apparent  association  with 
numerous  strong  radio  sources  at  13  cm 
wavelength. 


CLUSTERS     OF     GALAXIES 


Dynamics 

Gunn  and  Sargent  continued  their  in- 
vestigations of  the  dynamics  of  rich  clus- 
ters of  galaxies.  As  part  of  the  work  on 
the  Coma  cluster,  R.  Dam  and  B.  Wad- 
dington,  two  California  Institute  of  Tech- 
nology undergraduates,  made  counts  of 
the  distribution  of  galaxies  in  the  Coma 
cluster  on  a  deep  Illa-J  plate  obtained 
with  the  48-inch  schmidt.  Their  prelimi- 
nary results  are  that  the  cluster  is  not 
symmetrical,  that  the  radial  distribution 
of  galaxies  does  not  follow  an  isothermal 
gas  sphere,  and  that  the  faint  galaxies  in 
the  cluster  have  a  wider  distribution  than 
the  bright  ones.  These  results  are  being 
checked,  particularly  since  the  last  one 
tends  to  reduce  the  well-known  "virial 
discrepancy"  for  the  Coma  cluster. 

In  their  work  on  the  Perseus  cluster, 
Gunn  and  Sargent  had  earlier  found  that 
the  distribution  of  radial  velocities  may 
be  bimodal.  This  might  account  for  the 
enormous  velocity  dispersion  (1500  km 
s"1)   in  the  cluster.    As  a  check,  Sargent 


obtained  redshifts  for  an  additional  23 
galaxies  in  Perseus;  these  and  other  red- 
shifts,  which  total  81  for  the  cluster,  are 
now  being  studied. 

Searches 

Searches  for  faint  clusters  have  been 
started  by  Gunn  in  three  high-latitude 
fields.  Preliminary  searches  have  been 
made  on  deep  Illa-J  plates  obtained  with 
the  48-inch  schmidt,  and  several  098-04 
plates  have  been  obtained  as  well  for 
each  field.  The  goal  is  to  superpose  25 
plates  of  each  field  by  multiple  printing; 
this  should  in  principle  yield  a  limiting 
magnitude  nearly  2  mag  fainter  than  a 
single  red  plate.  The  energy  distribution 
of  high-redshift  galaxies  is  such  that  they 
show  as  well  on  a  single  red  plate  as  on 
a  Illa-J,  but  the  grain  noise  makes  the 
nature  of  the  image  much  more  uncer- 
tain on  the  red  plate.  It  would  thus 
seem  that  superposition  of  red  plates  will 
yield  a  real  advantage,  making  identifica- 
tion of  clusters  to  z  =  0.5  quite  routine. 
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Several  of  the  "best"  clusters  found  so  far 
on  the  Ilia- J 's  have  been  scanned  by 
Gunn  and  Oke  and  are  found  to  have 
redshifts  of  about  0.3. 

Faint  Cluster  Galaxies 

Oke  has  continued  to  determine  red- 
shifts  and  energy  distributions  for  gal- 
axies in  distant  clusters  with  the  multi- 
channel spectrometer.  A  second  galaxy 
in  the  cluster  (0024+1654),  first  investi- 
gated by  Humason  and  Sandage,  has  a 
redshift  of  0.41  and  an  apparent  visual 
magnitude  of  20.2.  This  redshift  may  be 
compared  with  the  value  of  0.38  deter- 
mined for  another  galaxy  in  the  cluster. 
Two  galaxies  in  the  cluster  (1447+2617) , 
also  first  worked  on  by  Humason  and 
Sandage,  have  redshifts  of  0.365  and 
0.373  and  apparent  visual  magnitudes  of 
20.5  and  20.3,  respectively. 


The  brightest  galaxy  in  the  cluster 
(1021+0427)  has  also  been  observed.  It 
has  strong  emission  lines,  particularly 
A3727  and  A7330  of  [O  II] ,  Ha  or  N  II, 
and  A6300  of  [O  I] .  The  apparent  visual 
magnitude  is  18.6,  and  the  redshift  is 
0.28.  The  continuum  appears  to  be  partly 
nonthermal. 

Observations  of  the  second  brightest 
galaxy  in  the  3C295  cluster  have  been 
obtained  but  are  not  completely  reduced. 
Its  apparent  visual  magnitude  is  about 
21. 

Results  have  been  obtained  for  the 
brightest  galaxies  in  two  clusters  found 
by  Gunn  in  a  field  at  16h00m  and  +42°. 
One  of  these,  in  cluster  23,  gives  a  red- 
shift  z  =  0.27  and  V  =  19.6.  A  galaxy 
in  cluster  34  gives  z  =  0.29  and  V  = 
19.7.  This  latter  galaxy  has  a  strong 
A3727lineof  [Oil]. 


QUASARS 


Spectroscopic  Observations 


Schmidt  has  practically  finished  spec- 
troscopic work  on  quasi-stellar  radio 
sources  identified  by  Olsen  in  the  declina- 
tion zone  +20°  to  +40°.  He  has  also 
completed  spectroscopic  observations  of 
quasi-stellar  objects  in  the  0h,  lh,  and  8h 
high-latitude  fields  of  Sandage  and  Luy- 
ten.  Measurements  of  all  the  spectra  are 
in  progress. 

Quasars  and  Clusters  of  Galaxies 

N.  A.  Bahcall  and  J.  N.  Bahcall  co- 
operated with  Schmidt  in  a  study  of 
quasi-stellar  objects  in  the  direction  of 
clusters  of  galaxies.  Photographs  of  66 
Abell  clusters  of  galaxies  taken  with  the 
48-inch  schmidt  telescope  were  searched 
for  ultraviolet-intense  stellar  objects. 
Spectra  show  that  8  of  these  ace  quasi- 
stellar  objects  with  redshifts  ranging  from 
0.09  to  2.06.  Two  of  these  have  redshifts 
that  are  of  the  same  order  as  that  expected 
for  the  clusters  (the  latter  have  not  been 
observed  yet) ,  while  the  remaining  6  have 


much  larger  redshifts.  The  surface  density 
of  quasars  found  in  this  study  is  larger 
than  expected  in  the  general  field,  but  un- 
certainties in  the  latter  and  in  the  magni- 
tudes of  the  quasars  in  the  cluster  study 
make  it  impossible  to  assess  the  signifi- 
cance of  the  discrepancy  as  yet. 

Quasi-Stellar  Source  Counts 

Further  work  by  Schmidt  shows  that 
the  increase  in  the  co-moving  space  den- 
sity of  quasars  may  be  proportional  to 
105t  (where  t  is  the  look-back  time  ex- 
pressed in  the  age  of  the  universe)  as  well 
as  to  the  earlier  proposed  (1  +  z)6.  The 
very  small  number  of  quasars  observed  to 
have  a  redshift  of  more  than  2.5  is  in  con- 
flict with  both  density  laws,  especially 
with  the  (1  +  z)6  law.  The  observations 
suggest  that  for  redshifts  larger  than  2.5 
the  co-moving  density  of  quasars  does 
not  increase  with  redshift.  These  very 
large  redshifts  refer  to  epochs  up  to  about 
1  to  2  billion  years  after  the  universal  ex- 
pansion started. 
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Detailed  predictions  of  source  counts 
based  on  density  evolution  and  a  realistic 
spectral-index  distribution  for  quasars 
show  that  the  percentage  of  flat-spectrum 
sources  will  decrease  with  decreasing  flux 
density  at  high  radio  frequency,  in  agree- 
ment with  the  observations.  Hence  the 
observations  are  not  in  conflict  with  the 
cosmological  hypothesis  of  quasar  red- 
shifts.  Schmidt  concludes  that  the  objec- 
tions against  cosmological  redshifts  based 
on  radio  source  counts  are  not  supported 
by  detailed  analyses. 

Galaxies  Underlying  Quasars 

The  similarity  and  continuity  of  spec- 
troscopic and  photometric  properties  of 
Seyfert  galaxies,  N  galaxies,  and  quasars 
have  been  a  consistent  theme  in  the  study 
of  these  objects  and  have  led  to  sugges- 
tions that  all  of  these  may  be  due  to 
similar  physical  processes,  the  main  dif- 
ference being  that  the  quasars  are  rela- 
tively much  stronger,  so  that  their  light 
overwhelms  that  from  the  underlying 
galaxy.  If  this  is  true,  it  is  a  strong  argu- 
ment for  cosmological  distances  of  qua- 
sars and  offers  the  hope  that  one  may 
learn  something  about  the  physics  of  QSS 
from  a  study  of  more  normal  galaxies. 
Kristian  has  started  a  program  to  test  the 
hypothesis  directly  by  attempting  to 
photograph  galaxies  underlying  QSS. 
Plates  are  taken  as  far  as  possible  to  the 
red,  so  that  the  energy  distribution  of  the 
nonthermal  QSS  is  less  strong  with  re- 
spect to  the  redder  light  of  the  galaxy. 
Initial  work  has  been  aimed  at  objects 
with  small  redshift  that  are  intrinsically 
faint  to  maximize  the  contrast  between 
the  QSS  and  the  galaxy.  Preliminary  re- 
sults are  encouraging.  Of  the  first  four 
objects  attempted,  two  (B340  and  PHL 
1070)  clearly  show  underlying  galaxies, 
and  the  other  two  show  indications  of 
galaxies  but  require  confirmation.  The 
number  of  QSS  that  can  be  studied  by 
conventional  direct  photographs  is  rela- 
tively small,  but  it  is  hoped  that  the  new 
silicon-vidicon  photometer  built  by  West  - 


phal   will   extend   the   measurements  to 
brighter  and  more  distant  quasars. 

QSO  and  Galaxies 

Photography  by  Gunn  with  the  48-inch 
schmidt  telescope  of  the  fields  of  QSO 
with  small  (z  <  0.36)  redshifts  is  now 
essentially  complete  for  a  sample  of  28 
objects.  Somewhat  more  than  half  of 
these  appear  to  be  associated  with  gal- 
axies of  about  the  brightness  expected  if 
there  is  a  physical  association  at  a  dis- 
tance indicated  by  the  QSO  redshift. 
Redshift  data  have  been  obtained  for  four 
of  these  galaxies  in  addition  to  data  re- 
ported last  year  for  galaxies  near  PKS 
2251-11  and  Ton  256.  Oke  obtained  a 
scan  of  the  central  supergiant  in  a  clus- 
ter quite  near  3C323.1,  which  was  found 
to  agree  in  redshift  with  the  QSO  {z  = 
0.26) .  Statistical  arguments  indicate  that 
the  coincidence  is  probably  real.  This 
cluster  was  studied  by  Oemler  and  found 
to  be  a  typical  rich  cluster  of  Abell  rich- 
ness Class  1,  the  first  such  rich  system 
suspected  to  be  connected  with  a  QSO. 
The  fact  that  the  QSO  is  not  centrally 
located  in  the  cluster  is  probably  of  phys- 
ical importance. 

Scanner  data  on  three  other  galaxies 
near  PHL  1093,  PKS  2135-14,  and  PKS 
1049-09  are  not  yet  extensive  enough  to 
allow  a  reliable  redshift  determination 
of  the  desired  accuracy ;  it  is  certain,  how- 
ever, that  the  redshift  for  none  of  these 
cases  is  very  different  from  that  of  the 
QSO  involved. 

Further  Ha  interference  filter  plates 
have  been  taken  by  Arp  with  the  200-inch 
on  the  quasar  Markarian  205,  which  was 
reported  connected  to  the  spiral  galaxy 
NGC  4319  by  a  luminous  filament.  The 
new  plates  are  being  superposition- 
printed  in  an  attempt  to  get  maximum 
information  on  the  feature.  The  quasar 
PHL  1226,  which  was  reported  by  G.  R. 
and  E.  M.  Burbidge  to  be  connected  to 
the  spiral  galaxy  IC  1746,  was  photo- 
graphed by  Arp  with  the  200-inch.  The 
picture   shows   not  a   connection   but   a 
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small,  slightly  diffuse  object  situated  in 
the  small  space  between  the  galaxy  and 
the  quasar.  Deep  photographs  by  Arp 
on  the  200-inch  in  conjunction  with  spec- 
tra by  E.  M.  Burbidge  on  the  Lick  120- 
inch  have  shown  that  the  previous  iden- 
tification of  the  radio  galaxy  3C455  is 
incorrect.  The  correct  identification  for 
the  radio  source  is  with  a  quasar  of  red- 
shift  z  =  0.543,  which  lies  only  23  arc  sec 


away  from  the  previously  identified  SO 
galaxy. 

Burbidge,  Burbidge,  Solomon,  and 
Strittmatter  have  reported  four  other 
quasars  lying  within  7  arc  min  of  large 
spirals.  Arp  has  done  some  photography 
on  these  objects  in  an  attempt  to  discern 
possible  faint  filamentary  connections. 
No  positive  results  have  been  obtained 
yet. 


OBSERVATIONAL    COSMOLOGY 


Distant  Galaxies  and  the 
Hubble  Diagram 

Sandage  completed  and  discussed  a 
major  investigation  of  the  observational 
aspects  of  the  correlation  of  redshift  and 
apparent  magnitude  for  cluster  galaxies 
and  radio  sources.  This  correlation — the 
Hubble  diagram — maps  the  kinematic 
field  of  the  expanding  universe  and  is  the 
"velocity-distance"  relation  expressed  in 
parameters  that  can  be  observed  at  the 
telescope. 

The  importance  of  the  Hubble  diagram 
is  that  it  is  the  device  with  which  certain 
past  events  in  the  history  of  the  universe 
can  be  read.  The  technique  is  straight- 
forward, provided  only  that  the  galaxies 
chosen  as  distance  indicators  are  suffi- 
ciently alike  in  absolute  luminosity  and 
linear  diameter  so  as  not  to  badly  distort 
the  kinematic  pattern  by  mapping  errors. 
To  test  whether  the  scatter  in  these  pa- 
rameters is  indeed  small  enough  and  to 
develop  the  corrections  required  for  the 
observations  of  galaxy  luminosities, 
Sandage  began  photoelectric  observations 
of  cluster  galaxies  and  radio  sources  in 
1963.  Reduction  and  discussion  of  the 
material  were  completed  during  this 
report  year  with  the  following  conclu- 
sions: 

1.  First-ranked  E  galaxies  in  clusters 
have  a  remarkably  small  cosmic  scatter 
both  in  intrinsic  diameter  and  absolute 
luminosity.  Measurement  of  the  isophotal 
angular  diameters  9X  on  a  series  of  plates 
made  with  the  48-inch  schmidt  and  the 


200-inch  of  first-ranked  galaxies  in  50 
clusters  and  groups  showed  that  such 
diameters  vary  as  z'1  (z  =  the  redshift 
AA/Ao)  over  the  range  from  the  closest 
group  in  Leo  {cz  ~  700  km  s"1)  to  3C295 
with  cz  =  140,000  km  s"1.  The  dispersion 
in  the  distribution  of  true  angular  diam- 
eter D  for  such  galaxies  is  <r(A  log  D) 
£  0.07.  The  difference  in  the  theoretical 
curves  that  relate  angular  diameter  and 
redshift  for  different  model  universes  (i.e., 
models  with  different  values  of  the  decel- 
eration parameter  q0)  is  large  compared 
with  this  cosmic  dispersion.  This  crucial 
point  shows  that  first-ranked  galaxies  are 
similar  enough  to  one  another  so  that 
mapping  errors  will  not  destroy  certain 
delicate  tests  of  world  models. 

2.  The  small  a(A  log  D)  for  first- 
ranked  cluster  galaxies  has  permitted  the 
aperture  correction  to  the  magnitudes  of 
first-ranked  cluster  E  galaxies  to  be  form- 
ulated as  a  function  of  z  and  go  alone 
for  various  measuring  apertures  (given 
in  Paper  I  of  the  redshift  series).  The 
advantage  of  this  technique  over  that 
used  in  1956  by  Humason,  Mayall,  and 
Sandage  is  substantial. 

3.  The  universe  expands  in  such  a  way 
that  any  random  noncosmological  red- 
shift  Az  for  cluster  galaxies  is  so  distrib- 
uted that  <t(Az/z)  is  less  than  0.1.  Con- 
sidering the  variation  of  absolute  magni- 
tudes for  first-ranked  cluster  galaxies, 
any  hypothetical  redshift  defect  Az  is 
considerably  smaller  than  this  limit.  An 
upper  limit  of  Az  <  300  km  s_1  for  clus- 
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ter  centers  can  be  established  from  the 
analysis. 

4.  The  Hubble  diagram  for  cluster 
galaxies  is  very  tight  and  follows  a  linear 
distance  relation  (i.e.,  m  cc  5  log  z)  to 
within  a/2  in  the  determination  of  the 
slope  (5)  from  the  data.  The  dispersion 
in  absolute  luminosity  for  first-ranked 
cluster  galaxies,  obtained  from  the  resid- 
uals of  these  galaxies  about  a  line  of 
slope  5,  is  a (Mv)  =  0.25  mag,  which  is 
exceedingly  small.  Sandage  found  no 
dependence  (to  within  1  a  of  the  determi- 
nation) of  My  for  first-ranked  galaxies 
on  cluster  size  (population) .  This  result, 
remarkable  in  itself  for  any  theory  of 
galaxy  formation,  is  even  more  remark- 
able in  that  it  removes  the  statistical 
Scott  effect  from  consideration  of  using 
the  Hubble  diagram  to  find  the  decelera- 
tion parameter. 

5.  From  the  internal  magnitude  and 
color  residuals  in  the  Hubble  diagram, 
there  is  no  evidence  for  intergalactic  ab- 
sorption for  galaxies  in  Sandage's  sam- 
ple, either  patchy  at  the  a  ~  0.25  mag 
level  or  general  and  selective  at  the 
a[E(B  —  V)]  ~  0.05  mag  level. 

6.  If  a  strictly  homogeneous  Fried- 
mann  model  universe  is  adopted,  Sandage 
calculated  the  deceleration  parameter 
from  his  data  on  41  clusters  to  be  g0  — 
0.96  ±  —0.4  (p.e.).  To  reduce  this 
formal  value  to  go  =  0  (suggested  by 
considerations  of  the  local  velocity  field 
and  by  a  direct  accounting  of  the  ob- 
served mean  density)  requires  a  lumi- 
nosity evolution  at  the  rate  dM/dt  = 
1.09  (1  -f-  z)  Ho  mag  yr"1  in  the  sense 
that  E  galaxies  were  brighter  in  the  past. 
Sandage  believes  that  theoretical  models 
of  the  stellar  content  of  E  galaxies  are 
not  well  enough  understood  in  all  their 
aspects  (e.g.,  the  M/L  ratio  and  the  faint 
end  of  the  luminosity  function)  to  judge 
the  true  luminosity  rate  to  test  if  q0  can 
in  fact  be  zero  from  the  data  (but  see  a 
contrary  opinion  by  Tinsley  in  this 
report) . 


If  g0  =  +1,  the  Friedmann  time  of 
"creation"  is  . — -11  X  109  years,  using 
H0  =  50  km  s"1  Mpc"1  as  discussed  in 
last  year's  annual  report  (Year  Book  70, 
p.  419) .  This  age  is  so  close  to  that  of  our 
own  Galaxy  that  it  gives  substantial  sup- 
port for  evolving  (big  bang)  cosmologies. 

Hubble  Diagram  for  Radio  Galaxies 
and  Quasars 

In  a  parallel  study  of  radio  sources, 
Sandage  measured  photoelectric  magni- 
tudes for  60  radio  galaxies  and  < — 100 
quasars  plus  25  radio-quiet  quasars.  The 
Hubble  diagram  for  the  radio  galaxies  is 
similar  to  that  of  first-ranked  cluster 
galaxies  but  is  displaced  faintward  by 
0.3  mag  in  the  mean.  The  upper  envelope 
of  the  absolute  magnitude  of  radio  gal- 
axies and  first-ranked  cluster  galaxies  is 
the  same  (My  =  —24.0  for  the  very 
brightest  in  either  sample) ,  but  the  radio 
galaxies  tail  to  somewhat  fainter  magni- 
tudes (i.e.,  a  =  0.48  mag  for  radio  gal- 
axies compared  with  a  =  0.32  for  a  sam- 
ple of  82  first-ranked  cluster  ellipticals). 

The  principal  conclusions  from  the 
radio-source  study  are: 

1.  For  a  galaxy  to  be  a  strong  (i.e., 
LR  >  1040  erg  s"1  between  107  and  1011 
Hz)  radio  source,  it  must  be  ranked 
among  the  most  massive  galaxies  known 
(close  to  the  first-ranked  cluster  ellip- 
ticals). Assuming  a  mass-to-light  ratio 
of  30  in  visual  solar  units,  the  data  show 
that  a  galaxy  must  lie  within  the  narrow 
mass  range  of  1012  to  1013  3Tl0  to  be  a 
strong  radio  source. 

2.  The  Hubble  diagram  for  quasars  is 
scattered,  but  no  quasars  lie  to  the  right 
(fainter)  of  the  radio  galaxy  distribution 
in  the  same  diagram.  This  can  be  under- 
stood if  a  quasar  consists  of  a  normal 
strong  radio  galaxy  upon  which  is  super- 
posed a  nonthermal  component  that  has 
a  wide  intrinsic  dispersion  to  its  optical 
luminosity.  Sandage  believes  that  the 
relative  placement  of  quasars,  N  galaxies, 
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and  radio  E  galaxies  in  the  Hubble  dia- 
gram follows  naturally  from  this  contam- 
ination model.  QSO's  are  then  at  their 
Hubble  distance;  otherwise  the  observed 
properties  of  the  combined  Hubble  dia- 
gram for  these  objects  cannot  be  under- 
stood and  would  be  fortuitous. 

3.  The  apparent  cutoff  of  quasar  red- 
shifts  near  z  =  3  was  examined  for  selec- 
tion effects  that  would  cause  it  not  to  be 
real.  None  could  be  positively  established. 
If  the  cutoff  is  indeed  real,  we  may  be 
looking  back  in  time  so  far  (89%  of  the 
way  to  the  creation  event  in  a  Friedmann 
universe  with  z  =  3,  q0  =  +1)  as  to  see 
the  edge  of  the  quasar  world.  If  so,  we 
have  seen  the  "edge  of  the  world"  in  space 
and  time.  Special  observations  to  test 
the  reality  of  the  cutoff  are  straightfor- 
ward and  can  be  made  with  existing 
ground-based  telescopes. 

Observations  of  Nearby  Galaxies  to  Map 
the  Local  Hubble  Flow 

It  is  not  yet  clear  how  closely  the  local 
galaxies  (with  m  —  M  ^  33)  follow  a 
strictly  linear  expansion  field  or  to  what 
extent  they  suffer  velocity  perturbations 
that  give  rise  to  a  local  shear  field  (a  local 
anisotropy).  In  an  effort  to  eventually 
map  the  local  velocity  field  with  high 
precision,  Sandage  began  several  long- 
term  calibration  programs  and  continued 
the  observations  of  redshifts  of  southern 
galaxies.  Some  partial  results  include: 

1 .  UBV  photoelectric  data  of  Coma  clus- 
ter galaxies,  combined  with  data  for  very 
faint  dwarf  E  galaxies  in  Virgo,  showed 
that  U  —  B  is  a  monotonic  function  of 
Mv  for  Coma  and  Virgo  cluster  galaxies. 
The  U  —  B  =  f(V)  relation  for  Coma 
and  Virgo  separately  has  the  same  slope. 
The  data  can  be  combined  into  a  single 
relation  by  shifting  the  Virgo  cluster 
AV  =  3.66  ±  0.14  mag  fainter.  This 
least-squares  shift  agrees  with  AV  = 
3.84  (+0.42,  —0.36)  mag  required  by  the 
ratio  of  the  redshifts  of  Coma  and  Virgo 
if  there  is  no  local  shear  at  Virgo.   The 


resulting  extended  color-magnitude  rela- 
tion is  expected  to  be  useful  in  estimating 
relative  distances  to  field  E  and  SO  gal- 
axies on  the  scale  of  the  Coma  cluster. 

In  this  regard,  Sandage  and  Visvana- 
than  have  begun  observing  all  E,  SO,  and 
Sa  galaxies  brighter  than  B  =  13  mag  in 
both  hemispheres  with  Visvanathan's 
special  spectral  scanner  that  uses  a  rotat- 
ing, wedged  interference  filter  synchro- 
nized with  a  signal  averager  having  1024 
channels.  On  the  basis  of  the  U  —  B 
results,  the  I(\)  distributions  are  ex- 
pected to  contain  information  on  Mv  of 
the  galaxies  and  hence  their  distances. 

2.  Sandage  spent  six  weeks  in  Aus- 
tralia observing  redshifts  for  Sb,  Sc,  and 
Sd  galaxies  south  of  8  =  —35°  with  the 
Mount  Stromlo  74-inch  reflector  using  a 
Carnegie  image-tube  spectrograph.  The 
program  for  southern  redshifts  is  within 
100  galaxies  of  completeness  for  Shapley- 
Ames  objects  south  of  8  =  — 35°.  New 
redshifts  of  galaxies  north  of  8  =  —35° 
but  south  of  8  =  0°  were  obtained  for  45 
objects  with  no  previous  values  with  the 
200-inch  Cassegrain  image-tube  spectro- 
graph on  a  standby  program. 

3.  Sandage,  Tammann,  and  Hardy 
studied  the  local  kinematic  field,  using 
clusters  of  galaxies  to  show  that  no  shear 
was  present  in  the  available  sample  of  30 
galaxies  closer  than  cz  <  10,000  km  s"1. 
These  authors  also  showed  that  galaxy 
counts  in  the  Shapley-Ames  Catalogue, 
in  the  Zwicky  15.7  mag  catalogs,  and  in 
the  Shane- Wirtanen  survey  gave  no  evi- 
dence for  a  hierarchical  model  of  galaxy 
distribution  recently  suggested  by  work- 
ers at  McDonald  Observatory.  In  par- 
ticular, it  was  concluded  that  no  system- 
atic corrections  in  the  value  of  the  Hubble 
constant  need  be  made,  as  would  be  re- 
quired in  the  high-density  hierarchical 
model  of  Haggerty  and  Wertz. 

4.  Hardy  and  Sandage  spent  four 
weeks  in  Chile  at  Las  Campanas  to  put 
the  broad-band  UBV  photometer  into 
operation  for  initiating  systematic  pho- 
tometry of  local  southern  galaxies. 
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Radio  Galaxy  Source  Counts 

Schmidt  has  continued  and  finished  a 
statistical  study  of  the  evolution  of  radio 
galaxies.  The  study  is  based  on  the  radio- 
source  counts  remaining  after  the  esti- 
mated contribution  of  quasi-stellar 
sources  has  been  subtracted  from  the  gen- 
eral source  counts  (see  last  year's  annual 
report,  Year  Book  70,  p.  421).  Further 
study  based  on  the  luminosity  distribu- 
tion of  identified  radio  galaxies  shows 
that  the  source  counts  cannot  be  ex- 
plained in  terms  of  density  evolution.  Nor 
do  the  counts  admit  pure  luminosity 
evolution  (in  which  every  source  is  sub- 
ject to  the  same  law  representing  the 
decay  of  its  radio  luminosity).  Schmidt 
concludes  that  radio-galaxy  evolution 
must  be  luminosity-dependent,  such  that 
the  most  luminous  radio  sources  show  a 
very  strong  increase  of  density  with  red- 
shift,  while  those  of  low  radio  luminosity 
show  little  or  no  evolution. 


Stellar  Synthesis  of  Elliptical  Systems 

One  of  the  outstanding  questions  in  ob- 
servational cosmology  is  the  rate  at  which 
the  light  of  elliptical  galaxies  evolves.  A 
direct  answer  will  come  only  with  a  de- 
tailed population  synthesis  of  such  a  sys- 
tem. Gunn,  using  the  multichannel  spec- 
trometer, has  started  observations  leading 
to  such  a  synthesis.  Scans  of  about  100 
stars  of  late  spectral  type  and  luminosity 
classes  III,  IV,  and  V  will  be  obtained 
with  data  at  20  A  resolution  in  the  blue 
and  40  A  in  the  red,  spaced  10  A  (20  A) 
apart.  Data  for  about  20  stars  have  been 
obtained  thus  far.  These  data  will  be 
used  in  the  synthesis  of  the  spectra  of  five 
galaxies,  for  all  of  which  some  data  exist 
already:  NGC  4472,  4874,  4889,  6166, 
and  the  central  galaxy  in  Abell  2670. 
Preliminary  work  by  B.  Tinsley  on  ma- 
terial by  Gunn  and  Oke  proves  the  prac- 
ticability of  such  a  scheme,  and  it  is 
hoped  that  significant  improvements  will 
result  from  the  new  data. 


THEORETICAL     STUDIES 


Clusters  of  Galaxies 

Work  on  the  problem  of  material  in- 
falling  into  clusters  from  the  intergalactic 
medium  has  been  continued  by  Gunn  and 
has  been  extended  to  the  study  of  some 
phenomena  within  the  clusters  them- 
selves. It  appears  to  be  possible  to  under- 
stand the  difference  in  morphology  of 
clusters,  in  respect  to  both  form  and 
population,  by  a  simple  evolutionary  pic- 
ture that  is  testable  in  detail  by  X-ray 
observations.  The  conclusion  that  the 
very  small  X-ray  flux  from  the  Coma 
cluster  implies  a  very  tenuous  intergalac- 
tic medium  has  been  investigated  in  de- 
tail and  appears  to  hold.  Arguments 
connecting  this  result  with  a  very  small 
deceleration  parameter  depend,  of  course, 
on  assumptions  concerning  the  absence 
of  condensed  invisible  matter  and  zero- 
real-mass  fields  (e.g.,  neutrinos,  gravita- 
tional waves). 


Strong  Electromagnetic  Waves 

The  problem  of  particle  motion  in 
monochromatic  strong  wave  fields  has 
been  analyzed  in  detail  and  found  to  ad- 
mit of  a  simple  solution  in  which  the 
motion  of  a  well-defined  "guiding  center" 
moves  in  a  force  field  that  is  generated 
in  part  by  a  radiation  potential  and  in 
part  by  nonpotential  forces  that  arise  if 
the  wave  field  is  astigmatic  (sheared). 
Applications  to  particle  acceleration  in 
supernova  remnants  have  been  made,  and 
a  model  for  active  galactic  nuclei  powered 
by  collections  of  pulsars  emitting  strong 
waves  is  under  consideration  by  Gunn 
and  by  Ostriker  and  Kulsrud  at  Prince- 
ton. 

Star  Formation 

Quirk  has  continued  his  work  on  star 
formation  and  on  how  star  formation  in- 
fluences the  evolution  of  galaxies.    He 
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has  tested  the  following  hypothesis:  "If 
the  gas  in  a  galaxy  is  Jeans  unstable  ac- 
cording to  the  criterion  of  Goldreich  and 
Lynden-Bell  (Monthly  Notices  Roy. 
Astron.  Soc,  130,  125, 1965),  efficient  star 
formation  results."  This  implies  that  star 
formation  occurs  until  the  gas  density 
diminishes  to  a  particular  level,  after 
which  the  amount  of  star  formation  is 
just  equal  to  the  amount  of  gas  added 
to  the  interstellar  medium  by  mass-loss 
from  stars  and  by  infall.  The  critical  den- 
sity for  star  formation  varies  as  a  func- 
tion of  radius  for  a  galaxy.  The  gas  sur- 
face density  in  the  outer  parts  of  four 
well-observed  galaxies  is  in  good  agree- 
ment with  the  hypothesis.  Quirk  has 
made  predictions  for  two  galaxies  which 
are  to  be  observed  at  the  Owens  Valley 
Observatory  and  in  Holland.  One  of  the 
consequences  of  this  work  is  that  the  per- 
centage of  gas  in  a  galaxy  is  inversely 
proportional  to  the  maximum  velocity  of 
rotation.  It  is  interesting  that  this  char- 
acteristic velocity  seems  to  vary  with 
Hubble  type  (P.  Broche,  Astron.  and 
Astrophys.,  13,  293,  1971). 

Beatrice  Tinsley  collaborated  with 
Quirk  in  a  study  of  the  assumption  that 
gas  content  of  a  galaxy  may  reach  an 
equilibrium  value.  Effects  on  the  evolu- 
tion of  the  galaxy  in  magnitude,  color, 
and  metal  content  were  analyzed.  The 
results  they  obtained  are  as  follows: 

1.  Models  with  equilibrium  gas  con- 
tent change  in  color  much  more  slowly 
than  models  in  which  star  formation  is 
proportional  to  the  gas  density  or  density 
squared. 

2.  The  fact  that  mass-to-light  ratios 
are  higher  in  the  outer  parts  of  galaxies 
than  in  the  inner  parts  can  be  explained 


on  the  assumption  that  the  lower  limit  to 
the  mass  that  can  form  a  star  is  lower  in 
the  outer  parts  than  in  the  inner  parts. 
The  change  in  the  lower  limit  also  results 
in  a  higher  metal  content  in  the  inner  part 
of  galaxies,  in  accord  with  observations. 

3.  In  order  to  get  the  proper  color 
gradient  from  type  Sc  to  type  Sb  galaxies, 
Sc  galaxies  must  have  more  infall  of  in- 
tergalactic  matter  than  Sb,  if  the  initial 
mass  function  is  the  Salpeter  function. 
Within  an  Sb  galaxy,  it  is  quite  possible 
that  there  is  little  infall  in  the  center  of 
the  disk  but  much  on  the  outside  to  pro- 
vide the  observed  increase  outward  of 
young  star  content. 

4.  For  the  solar  neighborhood,  models 
with  infall  (the  mass  increasing  at  2% 
every  109  years)  gave  much  more  satis- 
factory values  and  distribution  of  metal 
content  than  those  without  infall.  The 
Oort  "missing  mass"  was  found  to  reside 
mainly  in  invisible  old  white  dwarf  rem- 
nants of  stars  formed  during  the  initial 
period  of  rapid  gas  depletion. 

Star  Cluster  Dynamics 

Prata  continued  his  work  on  star  clus- 
ter dynamics.  His  evolutionary  models 
for  cluster  evolution  evaluated  stellar 
escape  rates  in  a  mass  mixture  by  using 
an  approximate  solution  of  the  Fokker- 
Planck  equation  for  mass  mixtures.  To 
check  this  approach,  Prata  used  a  com- 
puter to  obtain  exact  solutions  of  this 
equation  for  several  sets  of  mass  mix- 
tures. Comparison  shows  that  for  condi- 
tions similar  to  those  in  the  cluster  evol- 
ution calculations  the  approximate 
method  gives  escape  rates  10—40%  too 
high. 


GUEST    INVESTIGATORS 


During  the  report  year,  the  Hale  Ob- 
servatories accommodated  a  total  of  37 
guest  investigators  representing  29  insti- 
tutions. Thirteen  of  the  guest  investiga- 
tors were  from  countries  other  than  the 
United  States. 


Dr.  J.  R.  P.  Angel  of  Columbia  Uni- 
versity, Dr.  J.  D.  Landstreet  of  the  Uni- 
versity of  Western  Ontario,  and  Oke  used 
the  multichannel  spectrophotometer  with 
polarizing  optics  to  obtain  the  wave- 
length dependence  of  circular  polariza- 
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tion  in  the  white  dwarf  Grw+27°8247 
with  80-360  A  resolution.  Sharp  changes 
in  polarization  were  found,  especially 
near  the  Minkowski  bands  {Astrophys. 
J.  [Lett.'],  171,  Lll,  1971).  More  re- 
cently, Drs.  Angel  and  Landstreet  ob- 
tained similar  circular  polarization  spec- 
tra of  G99-37  and  G195-19. 

Dr.  Clark  G.  Christensen  of  Brigham 
Young  University  has  continued  the 
study  and  interpretation  of  composite 
spectra  through  the  technique  of  spectral 
synthesis.  His  main  emphasis  has  been 
on  the  globular  clusters  in  the  Galaxy 
and  M31.  He  has  used  the  60-inch  Casse- 
grain  scanner  to  obtain  energy  distribu- 
tions in  the  wavelength  range  AA3448- 
8050  for  (1)  several  intermediate  and  ex- 
treme population  II  field  stars,  and  (2) 
the  nucleus  of  the  globular  cluster  NGC 
6229,  a  little-studied,  moderately  metal- 
poor  member  of  the  Galaxy. 

Dr.  Stanley  Jf  Czyzak  of  the  Ohio 
State  University  and  Dr.  Lawrence  H. 
Aller  of  the  University  of  California  at 
Los  Angeles  have  continued  their  pro-' 
gram  of  spectrophotometry  of  planetary 
nebulae.  In  spite  of  much  bad  weather 
they  were  able  to  observe  20  planetaries: 
NGC  1535,  2392,  2440,  3242,  4361,  6210, 
6309,  6543,  6572,  6720,  6886,  7009,  7662, 
J-900,  IC  1747,  2165,  3568,  4593,  5217, 
and  BD+30°3639.  They  have  reduced 
the  data  for  13  of  these  objects  but  are 
awaiting  more  complete  measurements 
for  the  remainder  before  a  satisfactory 
assessment  can  be  made.  Data  for  four 
of  these  objects,  NGC  6210,  7662,  IC 
3568,  and  IC  4593,  have  been  utilized, 
along  with  the  photographic  data,  to 
evaluate  nebular  models  for  chemical 
composition  studies  (c/.  Edith  Buerger, 
thesis,  Ohio  State  University,  1972).  In 
this  context  one  attempts  to  calculate 
ionization  and  excitation  models  that  will 
reproduce  the  observed  spectra  of  the 
nebulae.  The  200-inch  telescope  was  used 
to  obtain  some  excellent,  carefully  guided 
plates  of  NGC  6543,  which  are  now 
mostly  assessed  in  an  effort  to  evaluate 


the  small-scale  spectroscopic  features  of 
this  extremely  inhomogeneous  nebula. 

Dr.  Tom  Gehrels  of  the  Lunar  and 
Planetary  Laboratory  of  the  University 
of  Arizona  obtained  48-inch  plates  to 
follow  up  on  the  discovery  at  Palomar  in 
1971  of  four  new  Trojan  asteroids.  The 
plates  have  been  sent  to  the  Leiden  Ob- 
servatory for  further  processing  by  Dr. 
and  Mrs.  C.  J.  van  Houten.  The  compu- 
tation of  orbits  and  ephemerides  for  these 
Trojans  is  done  by  the  Cincinnati  Ob- 
servatory, where  Dr.  P.  Herget  collabo- 
rates in  this  joint  program. 

A  start  was  made  on  a  new  survey  of 
minor  planets  inside  the  regular  asteroid 
belt,  some  of  which  cross  the  orbit  of 
Mars.  In  an  18°  X  18°  field  photo- 
graphed about  the  opposition  point,  at 
least  12  fast-moving  objects  were  found. 
Because  of  limitations  in  follow-on  capa- 
bility, only  the  six  fastest  objects  were 
reported  to  Cincinnati  and  to  the  Smith- 
sonian Astrophysical  Observatory  for 
computation  of  orbits  and  ephemerides. 
Moonlit  parts  of  the  nights  of  March  19, 
20,  and  21  at  the  48-inch  were  used  to 
guarantee  that  the  fast-moving  objects 
would  not  be  lost.  The  objects  have  been 
announced  on  recent  International  Astro- 
nomical Union  Circulars;  one  of  them  is 
a  new  comet,  1972e. 

Drs.  T.  F.  Greene  and  R.  W.  Shorthill 
of  the  Boeing  Company  have  continued 
their  studies  of  the  atmosphere  of  Jupiter 
and  of  the  Galilean  satellites  by  observ- 
ing additional  satellite  eclipses  with  the 
200-inch.  Efforts  to  obtain  spectra  of  a 
satellite  during  the  brief  refractive  tail 
portion  of  the  eclipse  light  curve  by  em- 
ploying the  image-tube  spectrograph 
were  unfruitful  due  to  bad  weather.  How- 
ever, observations  with  the  multichannel 
spectrometer  are  yielding  excellent  re- 
sults. Detailed  data  analysis  has  been 
initiated  and  several  significant  points 
are  evident.  Marked  variation  in  the 
Jovian  meteorology  from  one  zenographic 
location  to  another  is  indicated  by  the 
various  degrees  of  development  of  the 


HALE    OBSERVATORIES 


695 


refractive  tail  portion  of  the  eclipse  light 
curves.  At  some  locations,  the  aerosol 
haze  in  the  atmosphere  is  clearly  strati- 
fied, and  the  data  permit  quantitative 
measurement  of  the  depth  variation  of 
the  integrated  aerosol  extinction  cross 
section  in  the  atmosphere.  In  addition, 
marked  wavelength  variation  in  the  ex- 
tinction cross  section  is  evident.  Defini- 
tive quantitative  statements  about  the 
scale  height  must  await  additional  model- 
ing of  the  atmosphere  to  take  into  ac- 
count the  aerosol  stratification.  Detailed 
analysis  of  the  absorption  channels  re- 
mains to  be  undertaken,  but  two  con- 
clusions are  already  evident.  The  6^i 
band  of  NH3,  only  marginally  visible  in 
normal  incidence  high-resolution  Jovian 
spectra,  was  clearly  seen  in  the  eclipse 
light  curves.  Likewise,  evidence  confirm- 
ing the  observation  of  the  pressure- 
induced  dipole  5(0)  transition  of  the 
(4,  0)  band  of  H2  has  been  developed  in 
the  form  of  a  curve  of  growth.  At  1200 
km  atm  of  Jovian  atmosphere-absorp- 
tion path  length,  the  extinction  due  to  H2 
was  i — 0.3  mag. 

Drs.  R.  F.  and  R.  E.  M.  Griffin  of  the 
Cambridge  Observatories,  England, 
visited  Pasadena  in  January  and  Feb- 
ruary to  complete  the  observational  ma- 
terial needed  for  their  high-resolution 
spectrophotometric  atlas  of  Procyon. 
They  obtained  six  exposures  with  the  100- 
inch  coude  spectrograph,  using  the  114- 
inch  camera  and  133B  grating.  By 
working  in  the  fourth  order  of  the  grating 
(0.8  A  mm"1)  they  were  able  to  extend 
the  atlas  shortward  of  3200  A;  the  long- 
wavelength  limit  is  near  7400  A.  Spectro- 
grams of  the  same  dispersion  and  charac- 
ter as  those  exposed  for  the  Procyon  atlas 
were  also  obtained  4 or  limited  regions  of 
the  spectra  of  Aldebaran,  Betelgeuse, 
Sirius,  and  Pollux. 

R.  F.  Griffin  and  Gunn  have  used  the 
radial-velocity  spectrometer  at  the  200- 
inch  coude  to  measure  velocities  of  stars 
in  a  number  of  globular  and  galactic  clus- 
ters and  in  the  region  of  the  north  galactic 


pole.  Observations  have  been  made  of 
more  than  100  cluster  members  in  Ml 3 
and  in  the  Hyades,  and  smaller  num- 
bers of  stars  in  M67,  M3,  M92,  M22,  and 
Mil.  The  characteristic  accuracy  of  the 
instrument  has  been  confirmed  to  be  1 
km  s"1  for  stars  of  V  =  13.  A  set  of 
shutters  has  been  introduced  immediately 
in  front  of  the  cross-correlating  dia- 
phragm to  enable  the  match  of  the  star 
spectrum  to  individual  short  regions  of 
the  diaphragm  to  be  monitored.  The 
shutters  have  allowed  the  adjustment  of 
the  instrument  and  the  manufacturing 
accuracy  of  the  diaphragm  to  be  verified 
by  direct  observation;  they  also  have 
been  used  to  isolate  emission  lines  from 
discharge  lamps  in  experiments  aimed  at 
reducing  the  dependence  of  the  observa- 
tions upon  standard  stars. 

Continuing  a  program  of  optical  iden- 
tification of  radio  sources  selected  from 
the  B2  catalog,  Dr.  G.  Grueff  of  the  Lab- 
oratorio  de  Radioastronomia  in  Bologna 
has  obtained  several  plates  using  the  48- 
inch  schmidt  telescope.  The  use  of  Illa-J 
plates  exposed  for  2.5  hours  through  a 
Wratten  4  filter  has  been  found  very 
satisfactory,  although  the  color  of  the 
plate-filter  combination  is  rather  unfortu- 
nate for  the  detection  of  distant  red- 
shifted  galaxies.  The  Illa-J  plate  has 
been  found  to  be  roughly  equivalent,  as 
far  as  the  detection  of  very  distant  (z  ^ 
0.45)  galaxies  is  concerned,  to  the  photo- 
graphic superposition  of  four  098-04 
plates,  exposed  40  min  each  through  a 
red  filter.  All  the  plates  are  now  being 
systematically  inspected  at  the  positions 
of  more  than  200  radio  sources  with  the 
main  purpose  of  detecting  radio  galaxies 
more  distant  than  3C295. 

Mrs.  Eleanor  Helin,  in  association  with 
Dr.  Eugene  M.  Shoemaker,  both  of  the 
California  Institute  of  Technology,  used 
the  18-inch  schmidt  telescope  on  six 
nights  to  determine  the  suitability  of  this 
wide-field-of-view  instrument  for  the 
discovery  of  new  Apollo  group  asteroids 
as  well  as  for  the  recovery  of  lost  mem- 
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bers  of  this  group.  From  a  study  of  38 
fields,  using  a  variety  of  emulsions  and 
exposure  times,  it  was  found  that  GAF 
2863  performed  best  for  the  detection  of 
faint,  fast-moving  objects.  The  average 
discovery  magnitude  for  known  Apollo 
objects  is  13  mag,  which  is  easily  re- 
corded with  the  18-inch  schmidt.  Trailed 
objects  that  are  3  mag  fainter  have  been 
measured  on  the  test  exposures. 

The  48-inch  schmidt  was  used  by  Dr. 
Hugh  M.  Johnson  of  the  Lockheed  Palo 
Alto  Research  Laboratory  to  obtain 
plates  of  the  X-ray  source  fields  GX  5-1 
and  SAS-A  13,  but  no  positive  identifica- 
tion can  be  reported.  The  exposures  were 
made  in  the  narrow  and  wide  bands 
around  He  II  A4686.  Further  use  of  this 
technique  will  be  requested  if  any  posi- 
tive identifications  of  X-ray  sources  are 
made  from  the  accumulated  series  as  bet- 
ter X-ray  positional  data  are  made  avail- 
able. 

Dr.  Torrence  V.  Johnson  of  the  Jet 
Propulsion  Laboratory  has  employed  the 
60-inch  and  100-inch  telescopes  to  carry 
out  spectrophotometry  of  asteroids  and 
satellites  and  spectroscopy  of  planetary 
atmospheres.  In  particular,  narrow-band 
photometry  (0.3-1.1  /a)  of  the  various 
parts  of  the  Saturnian  ring  system  was 
performed  using  the  MIT  double-beam 
photometer.  The  Cassegrain  scanner  was 
used  to  study  the  methane  absorptions 
in  the  spectra  of  Saturn  and  Titan.  Also, 
in  a  continuing  program  of  asteroid  spec- 
trophotometry, several  more  selected 
asteroids  were  observed  from  0.3  to  1.1  /*. 

Dr.  Philip  C.  Keenan  of  the  Perkins 
Observatory  used  the  200-inch  telescope 
to  obtain  coude  spectrograms  of  16  stars, 
mainly  for  comparison  of  carbon  Mira 
variables  with  carbon  stars  of  smaller 
amplitude.  In  many  of  the  carbon  stars 
with  strong  C2  and  red  CN  bands,  the 
lower  envelope  defined  by  the  bottoms 
of  these  bands  is  rather  flat  between  6000 
and  6900  A.  In  such  strong  carbon  stars 
as  S  Scuti,  this  absorption  is  very  deep, 
ranging  from  about  89%  near  A6300  to 


83%  around  A6750.  A  striking  exception 
is  T  Lyrae,  well  known  for  its  extreme 
redness,  in  which  the  absorption  on  the 
plate  of  July  9,  1971,  drops  from  75%  at 
A6300  to  only  36%  around  A6750.  This  is 
not  due  to  any  lack  of  carbon,  for  most  of 
the  atomic  features  are  similarly  weak  in 
this  region,  but  must  be  largely  the  result 
of  the  known  presence  of  much  C13N14 
in  addition  to  the  usual  C12N14  bands. 
It  remains  puzzling,  however,  that  even 
where  the  band  lines  of  the  two  molecules 
coincide  the  absorption  remains  shallow. 
The  only  deep  feature  in  the  far  red  is 
Li  A6708,  for  which  a  central  depth  of 
85%  was  measured.  Whether  the  extreme 
veiling  of  the  red  spectrum  of  T  Lyr  in 
the  summer  of  1971  is  a  variable  feature 
will  be  investigated  further. 

Following  the  initial  test  with  the  200- 
inch  telescope  in  March  1971  by  Dr.  A. 
Labeyrie  of  the  Observatoire  de  Paris, 
and  Mr.  D.  Y.  Gezari  and  Mr.  R.  V. 
Stachnick  of  the  State  University  of 
New  York  at  Stony  Brook,  speckle  inter- 
ferometry  observations  were  carried  out 
with  improved  apparatus  in  June  and 
October  1971,  as  well  as  April  1972. 
Among  the  stars  observed,  using  twilight 
time,  six  stellar  disks  and  four  binary 
pairs  were  resolved.  The  stellar  diameters 
measured  agree  with  the  early  results  of 
Michelson  and  Pease,  for  which  they  con- 
stitute the  first  independent  confirmation. 
The  bidimensionality  of  the  analysis  with 
speckle  interferometry  permitted  them  to 
show  that  none  of  the  stellar  disks  re- 
solved had  appreciable  oblateness.  In 
addition,  some  evidence  of  limb  darken- 
ing and  color  dependence  was  found  in 
a  Orionis  (Betelgeuse) .  Among  the  re- 
solved binaries,  a  Aurigae  (Capella)  is 
a  known  spectroscopic  and  interferome- 
tric  pair  for  which  much  more  precise 
orbit  determinations  should  become  pos- 
sible. In  ft  Cephei,  o-  Hercules,  and  8 
Scorpii,  previously  unknown  companions 
were  found  with  separation  of  less  than 
0.25  arc  sec  and  magnitude  difference 
reaching  at  least  5  for  ft  Cep.  A  television 
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system  has  also  been  successfully  tested 
for  replacement  of  the  present  photo- 
graphic recording  and  optical  processing 
technique.  These  tests  offer  evidence  for 
the  feasibility  of  long-baseline  stellar 
interferometry  using  two  or  more  large 
telescopes. 

Dr.  J.  D.  Landstreet  and  Mr.  E.  F. 
Borra  of  the  University  of  Western  On- 
tario used  the  coude  line-profile  scanner 
of  the  100-inch  telescope  with  polarizing 
optics  to  search  photoelectrically  for  evi- 
dence of  the  Zeeman  effect  in  spectral 
lines  of  bright  stars.  Upper  limits  were 
obtained  with  standard  errors  in  the 
range  4  to  80  gauss.  In  collaboration  with 
Dr.  A.  H.  Vaughan,  Jr.,  scans  of  several 
stars  were  obtained  using  a  Fabry-Perot 
interferometer  for  high  resolution. 

During  December  1971,  Dr.  M.  F.  Mc- 
Carthy, S.J.,  of  the  Vatican  Observatory 
used  the  48-inch  schmidt  for  obtaining 
plates  with  four  different  plate-filter  com- 
binations to  determine  magnitudes  and 
colors  of  faint  probable  members  of  the 
main  sequences  in  the  Pleiades  and 
Praesepe  clusters.  Twenty-four  plates 
were  obtained  for  each  cluster  in  the  sys- 
tems comparable  with  the  B,  V,  R,  and  / 
photometric  systems.  Photoelectric  se- 
quences will  be  used  to  calibrate  these 
plates.  When  existing  sequences  are  in- 
sufficient, the  method  of  quasi-magni- 
tudes  and  colors  employed  successfully 
by  Sandage  and  E.  M.  Burbidge  will  be 
followed.  The  purpose  of  this  study  of 
faint  red  stars  is  to  provide  a  more 
reliable  photometry  for  the  numerous  red 
dwarfs,  flare  stars,  and  emission  stars 
that  have  been  found  in  these  clusters  in 
earlier  studies  at  Burakan,  Asiago, 
Tonantzintla,  and  Castel  Gandolfo.  The 
number  of  clusters  in  which  the  faint  end 
of  the  main  sequence  can  be  studied  is 
extremely  small. 

During  the  fall  of  1971,  the  60-inch 
and  100-inch  telescopes  were  used  by  Dr. 
T.  B.  McCord  of  the  Massachusetts  In- 
stitute of  Technology  with  an  MIT 
Fourier    spectrometer    to    measure    the 


spectra  of  several  stars,  Saturn,  and 
Saturn's  rings  in  the  1  to  2.5  fi  spectral 
region.  Detector  problems  and  poor  see- 
ing limited  the  signal-to-noise  ratio  to  a 
barely  acceptable  level. 

The  same  telescopes  were  used  with  the 
MIT  silicon-vidicon  photometer  to  ob- 
tain digital  pictures  through  narrow-band 
interference  filters  of  Saturn,  the  moon, 
and  parts  of  the  Orion  Nebula.  The  spec- 
tral region  0.38  to  1.15  /x  was  covered. 
The  data  have  been  processed  and  are 
being  studied. 

The  200-inch  telescope  was  used  at  the 
end  of  March  with  the  MIT  multibeam 
photometer  to  observe  the  spectral- 
reflectance  spectrum  (0.3  to  1.2  /*)  of 
Pluto  and  the  satellites  of  Uranus  and 
Neptune.  Only  one  night  was  usable,  due 
to  bad  weather.  However,  on  that  one 
night  Pluto,  Triton,  and  two  satellites 
of  Uranus  were  measured,  although  not 
to  the  precision  desired. 

Dr.  D.  H.  McNamara  of  Brigham 
Young  University  employed  the  100-inch 
telescope  to  obtain  spectrograms  of  sev- 
eral dwarf  Cepheids.  The  spectrograms 
were  trailed  along  the  slit  during  one 
cycle  of  the  star's  radial  velocity  varia- 
tion. The  spectrograms  have  been  meas- 
ured for  radial  velocities  and  rotational 
velocities.  In  all  cases  these  objects 
proved  to  have  rotation  velocities  ^  20 
km  s"1.  The  star  with  the  shortest  period 
observed,  CY  Aquarii,  has  very  weak 
metallic  lines.  After  these  were  found, 
spectrograms  and  mx  indices  of  stars  with 
different  periods  were  examined.  Mc- 
Namara found  that  there  is  a  very  close 
correlation  between  metal  abundance  and 
period  in  the  sense  that  the  shorter-period 
dwarf  Cepheids  are  metal-poor. 

The  Snow  Telescope  with  the  attached 
McMath-Hulbert  spectrometer  of  the 
University  of  Michigan  was  used  by  Dr. 
Walter  E.  Mitchell,  jr.,  of  the  Perkins 
Observatory  to  gather  data  for  the  study 
of  the  continuous  opacity  in  the  ultra- 
violet solar  spectrum.  Limb-darkening 
runs  were  obtained  at  approximately  40 
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of  the  "Houtgast  windows"  in  the  spec- 
trum below  4000  A  as  well  as  at  a  num- 
ber of  longer  wavelengths.  The  observed 
drift  curves  were  reduced  with  the  Ray- 
theon 703  computer  at  Santa  Barbara 
Street.  Corrections  for  the  telescope  pro- 
file have  also  been  obtained  with  the  com- 
puter. The  Raytheon  703  was  used  exten- 
sively in  the  analysis  of  ultraviolet  solar 
spectra  obtained  at  the  Snow  Telescope 
and  from  Kitt  Peak  photographs  sup- 
plied by  Dr.  K.  Pierce  and  measured  with 
the  Caltech  microphotometer.  This  pro- 
gram is  designed  to  produce  a  detailed 
map  of  the  solar  spectrum  for  the  spectral 
region  3000  A  down  to  the  atmospheric 
limit. 

Dr.  G.  Monnet  of  the  Observatoire  de 
Marseille  has  employed  interferometer 
techniques  to  study  velocity  fields  in  Ha 
light.  A  complete  velocity  field  in  Ha 
in  the  spiral  galaxy  M51  with  an  11  arc 
sec  spatial  resolution  and  a  dispersion  of 
20  A  mm"1  was  determined.  There  is 
clear  evidence  for  a  faint  disk  of  ionized 
hydrogen  between  the  arms.  The  velocity 
field  in  Ha  of  the  central  part  (6  arc  min 
in  diameter)  of  M83  (NGC  5236)  has 
been  secured  also.  In  NGC  4258,  the 
anomalous  spiral  arms  previously  de- 
tected in  Ha  and  in  the  radio  continuum 
give  no  fringes  at  20  A  mm"1,  possibly 
due  to  large  internal  motions  ( >  100  km 
s"1). 

Dr.  Tobias  C.  Owen  of  the  State  Uni- 
versity of  New  York  at  Stony  Brook 
used  the  200-inch  telescope  on  two  nights 
to  make  observations  of  Pluto  and  the 
satellites  of  the  outer  planets  with  the 
multichannel  spectrometer.  Asteroids, 
planets,  and  standard  stars  were  used  for 
comparison.  Weather  conditions  were 
favorable  and  the  results  are  expected  to 
be  good.  The  data  are  now  being  re- 
duced. A  third  night  was  partially  cloudy 
and  so  was  devoted  to  coude  spectros- 
copy. Excellent  plates  of  Uranus  and 
Neptune  were  obtained  in  the  red  region. 

The  multichannel  spectrometer  pro- 
gram is  a  continuation  of  work  begun 


last  year  to  characterize  the  surface 
reflectivities  of  the  small  bodies  in  the 
outer  solar  system  and  to  search  for 
traces  of  possible  atmospheres.  The  coude 
spectroscopy  represents  a  substantial  im- 
provement over  observations  obtained  at 
Mount  Wilson.  Still  better  results  should 
be  possible  with  hypersensitized  098-01 
plates.  This  part  of  the  program  is  de- 
voted to  a  study  of  H2  and  CH4  absorp- 
tions in  the  atmospheres  of  these  planets 
to  determine  the  ratio  C/H  and  to  search 
for  isotopic  variants  and  other  possible 
minor  constituents. 

The  48-inch  schmidt  was  used  by  Dr. 
J.  V.  Peach  of  Oxford  University  Ob- 
servatory during  four  nights  in  March 
1972  to  take  60  plates  of  12  clusters  of 
galaxies  over  the  redshift  range  0.02-0.20 
in  the  B  and  V  color  bands.  These  plates 
were  calibrated  with  a  tube  sensitometer. 
Galaxy  counts  in  the  region  of  the  clus- 
ters are  currently  in  progress  to  study  the 
radial  density  distributions.  Surface  pho- 
tometry of  the  central  core  galaxies  will 
be  done  in  the  coming  months  in  an  in- 
vestigation of  the  cluster  luminosity  func- 
tions. 

Drs.  S.  E.  Persson  and  J.  A.  Frogel  of 
the  Harvard  College  Observatory  made 
infrared  observations  during  a  two-week 
run  with  the  40-inch  telescope  at  Las 
Campanas.  They  observed  9  H  II  re- 
gions in  some  detail,  including  H2-3, 
RCW  36,  38,  56,  and  97.  These  objects 
were  selected  on  the  basis  of  strong  radio 
continua  or  OH  or  H20  maser  sources. 
The  observations  consisted  of  multiaper- 
ture  photometry,  drift  scans,  and  point- 
by-point  grids,  usually  at  1.65,  2.2,  and 
3.5  fi.  The  preliminary  data  reduction 
seems  to  fit  in  rather  well  with  those  of 
the  northern  objects  observed  at  Mount 
Hopkins.  Persson  and  Frogel  are  at- 
tempting to  outline  a  classification 
scheme  for  the  H  II  regions  based  on  in- 
frared properties.  Most  of  the  objects 
seem  to  fall  into  classes  that  are  differ- 
entiated by  the  spatial  dependence  of 
their  infrared  colors  and  surface  bright- 
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nesses.  Several  very  red  sources  have 
been  found  that  are  coincident  with  OH 
and  H20  maser  sources  and  that  fit  the 
radio  classification  of  "compact"  H  II 
regions  similar  to  K3-50.  Infrared  meas- 
urements were  made  of  several  planetary 
nebulae,  nebular  variables,  and  the  pecu- 
liar nebula  NGC  6302. 

Dr.  Deane  Peterson  of  the  State  Uni- 
versity of  New  York  at  Stony  Brook  has 
used  the  multichannel  spectrometer  to 
obtain  scans  of  objects  near  Herbig  Ae- 
Be  stars  that  were  found  by  Strom  to  be 
bright  at  1  fi.  Three  objects,  one  in  NGC 
225  near  BD+61°154  and  two  in  NGC 
7023  near  HD  200775  were  found  to  have 
strong  Ha  and  H/?  emission.  This  pro- 
vides strong  support  to  the  identification 
of  the  Herbig  Ae-Be  objects  as  the  most 
massive  objects  in  small  clusterings  of 
stars,  nine  of  which  have  reached  the 
main  sequence.  It  also  provides  direct 
evidence  for  significant  age  differences 
among  the  members  of  the  clusters. 

Dr.  L.  Plaut  of  the  Kapteyn  Astro- 
nomical Laboratory,  observing  with  the 
48-inch  schmidt,  obtained  25  plates  of 
the  four  fields  of  the  Palomar-Groningen 
variable  star  survey  intended  to  obtain 
near-infrared  magnitudes  of  long-period 
variables.  The  plates  were  taken  on  IN 
or  103a-0  emulsions. 

Dr.  Diane  M.  Pyper  of  the  University 
of  Wisconsin  at  Parkside  has  obtained 
photoelectric-scanner  observations  with 
the  Cassegrain  scanner  at  standard  Oke 
wavelengths  in  order  to  determine 
whether  the  Balmer  jump  and  the 
Paschen  continuum  vary  in  the  periods  of 
some  of  the  bright  magnetic  variable 
stars.  Band  passes  are  10  and  20  A,  and 
wavelengths  centered  on  the  four  lowest 
Balmer  lines  are  also  included  in  the 
scans. 

Dr.  R.  Racine  of  the  David  Dunlap 
Observatory  and  Oke  have  studied  three 
presumed  globular  clusters  in  the  halo 
of  M87  with  the  multichannel  spectro- 
photometer of  the  200-inch  telescope. 
These  objects,  at  V  ~  20.5,  exhibit  a 


Paschen  continuum  very  similar  to  the 
one  determined  by  Schild  and  Oke  {As- 
trophys.  J.,  169,  209,  1971)  for  M87  itself 
and  NGC  4472  but  with  weaker  CN 
(4200  A)  and  Mg  (5183  A)  absorption. 
An  intriguing  feature  is  the  possible  pres- 
ence of  emission  lines  of  hydrogen  (Ha, 
H/?)  and  [O  II]  A3727  in  one  of  these 
objects. 

Dr.  John  E.  Ross  of  the  University  of 
California  at  Los  Angeles  has  obtained 
scans  of  the  solar  spectrum  with  the  Snow 
Telescope.  The  double-pass  Pfund  sys- 
tem was  employed  in  the  VHth  order.  A 
resolution  exceeding  AA/A  =  350,000  was 
obtained.  Ghosts  and  scattered  light 
were  negligible.  A  ratio-recording  sys- 
tem was  employed  to  minimize  the  effects 
of  sky  variations.  The  spectrum  was  re- 
corded on  punched  paper  tape.  A  com- 
puter program  was  developed  to  smooth 
the  raw  data.  Three  scans  1.5  A  wide 
were  obtained  in  each  of  the  spectral 
regions  in  the  vicinity  of  Ag  A3280,  Ag 
A3382,  and  Au  A3133.  Agreement  between 
any  two  overlapping  scans  was  better 
than  0.8%  half  the  time.  Data  for  sev- 
eral scans  of  Sb  are  being  reduced. 

Dr.  Hyron  Spinrad  of  the  University 
of  California  at  Berkeley,  Becklin,  and 
Neugebauer  have  done  infrared  photo- 
metric work  on  IRC-20385  (Terzan  5) ,  a 
distant  stellar  system  that  is  either  an 
over-luminous  nuclear  globular  cluster 
or  a  nearby  dwarf  galaxy. 

Spinrad  and  H.  E.  Smith,  a  graduate 
student  at  Berkeley,  have  obtained  200- 
inch  multichannel  scans  of  the  nuclear 
and  extranuclear  regions  of  galaxies  M31, 
NGC  185,  and  NGC  3115.  They  obtained 
sufficiently  detailed  scans  to  look  for 
radial  gradients  in  color  and  in  lines  of 
CN,  Ca,  Fe,  Na,  Mg,  and  perhaps  TiO. 
Spinrad  and  Smith  also  scanned  the  con- 
tinuum of  the  18  mag  blue  object  Weed- 
man  2  near  the  disturbed  galaxy  NGC 
2992.  The  blue  object  is  almost  certainly 
a  lineless  QSO  or  BL  Lacertae  object. 

Spinrad  and  F.  Schweizer,  a  graduate 
student   at  Berkeley,   used   the  48-inch 
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schmidt  to  obtain  calibrated  three-color 
(UV,  green,  red)  photographs  of  the 
following  galaxies:  NGC  3031,  5194, 
6946,  and  M101.  They  will  be  used  to 
determine  color  gradients  across  spiral 
arms.  The  latter  have  been  explicitly 
predicted  by  the  density-wave  theories 
of  arm  formation  in  spiral  galaxies. 

In  a  number  of  nights  at  the  48-inch 
schmidt  telescope,  Dr.  Gustav  Tammann 
of  the  University  of  Basel  took  RGU 
plates  for  the  Basel  program  centered  at 
M101  and  NGC  2403.  Since  faint  photo- 
electric sequences  are  available  in  these 
fields,  they  serve  well  to  study  the  den- 
sity distribution  of  halo  stars  and  of 
objects  with  ultraviolet  excesses.  At 
Basel  Observatory  the  discussion  of  the 
following  fields,  each  containing  on  the 
average  2000  stars,  was  completed  dur- 
ing the  period  of  this  report:  two  in 
Sagittarius  (including  Baade's  window) , 
two  near  M35  and  one  in  Cepheus,  one 
each  at  high  galactic  latitude  in  S.A.  71, 
82,  94,  and  near  M13.  Fields  of  more 
than  20  square  degrees  around  S.A.  51, 
54,  57,  and  82  were  searched  for  objects 
with  ultraviolet  excess  and  these  were 
measured  down  to  mG  =  18.5  to  19.0  mag. 

Dr.  Sidney  van  den  Bergh  of  the  David 
Dunlap  Observatory  has  used  the  48-inch 
schmidt  telescope  on  Palomar  Mountain 
in  a  search  for  faint  dwarf  spheroidal 
companions  to  the  Andromeda  Nebula. 
Employing  the  Illa-J  emulsion,  which 
reaches  objects  four  times  fainter  than 
those  visible  on  the  Palomar  Sky  Survey, 
he  was  able  to  detect  three  new  dwarf 
spheroidal  galaxies.  Two  of  these  objects 
are  located  close  to  M31,  and  the  third  is 
near  M33.  All  three  objects  have  a  very 
low  surface  brightness  and  a  total  inte- 
grated magnitude  comparable  to  that  of 
the  Sculptor  system. 

Van  den  Bergh  has  pointed  out  that 
the  recently  discovered  galaxies  Maffei  1 
and  Maffei  2  have  radial  velocities  simi- 
lar to  that  of  the  giant  galaxy  IC  342, 
which  is  believed  to  be  located  at  a  dis- 
tance of  approximately  2  Mpc.  This  sug- 


gests that  the  Maffei  objects  are  located 
outside  the  Local  Group.  This  conclusion 
is  supported  by  200-inch  observations  in 
the  red  that  show  no  evidence  for  a  con- 
centration of  globular  clusters  associated 
with  Maffei  1.  Such  globular  clusters 
should  be  visible  on  200-inch  plates  taken 
in  good  seeing  if  Maffei  1  is  indeed  a 
nearby  member  of  the  Local  Group.  A 
possible  dwarf  elliptical  companion  to 
Maffei  1  has  been  found  on  a  200-inch 
red  plate. 

Image-tube  spectra  with  the  200-inch 
of  a  region  located  a  few  seconds  of  arc 
away  from  the  nucleus  of  the  peculiar 
elliptical  galaxy  NGC  1275  show  an  A- 
type  integrated  spectrum.  This  confirms 
an  observation  made  by  Minkowski 
many  years  ago.  The  most  straightfor- 
ward interpretation  of  this  observation  is 
that  an  explosion  in  the  nucleus  of  NGC 
1275  gave  rise  to  a  burst  of  star  forma- 
tion. Indirect  evidence  in  favor  of  the 
hypothesis  that  bursts  of  star  formation 
still  take  place  occasionally  in  giant  ellip- 
tical galaxies  has  been  obtained  from 
UBV  photometry  of  NGC  5128  (Cen- 
taurus  A).  An  infrared  plate  of  NGC 
5128  obtained  by  van  den  Bergh  with  the 
48-inch  schmidt  shows  a  bright  nucleus 
shining  through  the  dense  dust  band  that 
envelopes  the  equatorial  region  of  this 
object. 

Pritchet  and  van  den  Bergh  have  used 
a  200-inch  plate  to  compare  the  positions 
of  super  star  clusters  near  the  nucleus  of 
M82  with  the  positions  of  the  brightest 
radio  components  in  this  galaxy  that  have 
been  measured  by  Kronberg  with  the 
NRAO  interferometer.  These  observa- 
tions show  that  both  the  optical  hot  spots 
and  the  radio  sources  occupy  a  small  and 
slightly  flattened  region  surrounding  the 
core  of  M82.  None  of  the  radio  sources 
in  M82  coincides  with  a  super  star  clus- 
ter. Furthermore,  the  brightest  radio 
component  does  not  coincide  with  the 
centroid  of  the  far-infrared  brightness 
distribution  observed  by  Kleinmann  and 
Low.  It  is  concluded  from  these  observa- 
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tions  that  the  central  region  of  the  post- 
eruptive  galaxy  M82  has  an  exceedingly 
complex  structure. 

Mr.  B.  M.  Madore,  working  on  48-inch 
plates  of  M33  obtained  by  van  den  Bergh, 
has  studied  the  relation  between  the  dis- 
tribution of  stars  and  neutral  hydrogen. 
He  finds  that  the  rate  of  star  formation  in 
M33  depends  on  both  the  surface  density 
of  hydrogen  gas  and  the  distance  from 
the  nucleus  of  this  galaxy.  These  obser- 
vations may  be  explained  by  the  hypoth- 
esis that  the  interstellar  gas  layer  is 
thinner  near  the  nucleus  of  M33  than  it 
is  farther  out. 

The  ten-year  program  of  studying  slow 
variable  stars  in  northern  members  of  the 
Local  Group  has  been  continued  with  the 
48-inch  schmidt.  With  IHa-J  plates,  this 
program  has  now  been  extended  by  van 
den  Bergh  to  cover  some  of  the  members 
of  the  M81  and  South  Polar  Groups. 

A  200-inch  plate  of  the  slow  nova 
V  605  Aquilae  shows  that  this  object  oc- 
curred within  a  few  seconds  of  arc  of  the 
center  of  the  planetary  nebula  37-50°  1. 
It  is  believed  that  this  is  the  first  case  in 
which  the  central  star  of  a  planetary 
nebula  has  been  suspected  of  becoming  a 
nova. 

Van  den  Bergh  and  Peimbert  have  used 
line  intensities  on  200-inch  spectra  of 
moving  knots  in  Cassiopeia  A  to  deter- 
mine the  composition  of  this  supernova 
remnant.  They  find  that  oxygen  and 
argon  are  greatly  overabundant  with  re- 
spect to  hydrogen  and  nitrogen. 

Comparison  of  Baade's  plates  of  Ty- 
cho's  supernova  with  more  recent  obser- 
vations suggests  that  the  expansion  of 
this  object  has  been  slowed  down  by  in- 
terstellar gas. 

A  redshift  z  =  0.0567  has  been  ob- 
tained for  the  massive  pair  of  galaxies 
associated  with  the  radio  source  4C31.04. 

An  18  mag  supernova  (1969  o)  was 
found  in  a  faint  anonymous  galaxy  near 
IC  1613. 

Dr.  Joan  Vorpahl  of  Sacramento  City 
College  and  Thomas  P.  Pope  of  Big  Bear 


Solar  Observatory  analyzed  films  taken 
simultaneously  at  both  3840  A  and  Ha. 
They  showed  that  for  every  Ellerman 
bomb  (Ha  —  0.9  A)  there  was  a  cospatial 
brightening  in  the  3840  A  network,  with 
the  Ha-wing  features  being  more  intense 
than  their  3840  A  counterpart.  Start 
times  for  the  intensity  increases  in  both 
wavelengths  were  comparable,  although 
maximum  brightness  in  3840  A  led  that 
in  the  Ha-wing  with  a  median  time  of 
3V2  minutes.  Ellerman  bombs  were  local- 
ized around  the  penumbras  of  large  sun- 
spots  and  in  emerging  flux  regions  occur- 
ring with  greatest  intensity  and  profusion 
when  the  EFR  were  most  active.  Fur- 
thermore, the  appearance  and  subsequent 
separation  of  new  elements  in  the  3840  A 
network  were  observed  in  five  different 
cases  and  are  assumed  to  represent  the 
emergence  of  new  tubes  of  magnetic  flux. 
Most  important,  the  direct  transition 
from  3840  A  bright  point  to  a  new  sun- 
spot  was  observed  in  four  events. 

Vorpahl  examined  an  extremely  active 
sunspot  group,  McMath  9735,  on  the 
BBSO  film.  She  found  that  flare  insta- 
bilities depended  most  on  the  steep  field 
gradients  and  field  reorientation  occur- 
ring when  new  flux  from  more  than  five 
new  EFR  appeared  close  to  already 
existing  sunspots.  Flares  occurred  when 
the  new  dipoles  were  most  active.  The 
mere  presence  of  a  leading  spot  with  fol- 
lowing polarity  was  not  in  itself  sufficient 
to  cause  flares.  A  new  sunspot  became 
visible  in  one  emerging  flux  region  less 
than  three  hours  after  the  occurrence  of 
several  flares. 

Dr.  G.  Wallerstein  of  the  University  of 
Washington  has  been  continuing  spectro- 
scopic observations  of  cool  stars  that 
show  OH  and  H20  emission.  In  addition 
to  the  stars  listed  in  last  year's  report 
{Year  Book  70,  p.  438),  R  Cassiopeiae, 
R  Crateris,  and  HR  4532  are  under  ob- 
servation. Clearly  detached  circumstellar 
cores  have  been  seen  only  in  x  Cygni, 
which  is  not  a  microwave  emitter.  How- 
ever,  negative   velocity   residuals   have 


702 


CARNEGIE     INSTITUTION 


been  found  for  the  cores  of  strong  zero- 
volt  lines  in  several  stars,  indicating  an 
expanding  envelope,  and  careful  analysis 
is  necessary  to  establish  the  expansion 
velocity. 

Several  abundance  projects  started  two 
or  three  years  ago  are  nearing  completion. 
An  analysis  of  the  carbon  star  HD  156074 
shows  that  it  is  similar  to  RU  Camelo- 
pardalis.  There  is  no  enhancement  of  the 
heavy  elements,  the  C12/C13  ratio  is 
about  4,  and  the  N/C  ratio  may  be  as 
great  as  30.  The  nitrogen  abundance  is 
very  uncertain  due  to  a  discrepancy  in 
the  Frank-Condon  factors  for  the  CN 
transitions  when  compared  with  line 
ratios  in  the  sun.  Two  bright  giants,  HR 
7606  and  8626,  with  very  strong  CH  ap- 
pear to  have  no  carbon  excess  but  rather 
a  deficiency  in  oxygen.  There  is  no  en- 
hancement of  the  heavy  elements.  The 
high-velocity  subgiant,  HD  175303,  has 
a  metal  deficiency  of  about  a  factor  of 
20  when  compared  with  the  sun,  while  a 
comparison  star,  HD  31782,  appears  to  be 
normal. 

In  a  cooperative  program  with  Dr.  J. 
Silk  of  the  University  of  California  at 
Berkeley,  Wallerstein  has  been  looking  for 
high-velocity  gas  in  supernova  remnants. 
Observations  of  seven  stars  that  probably 
lie  behind  the  remnant  Shajn  147  re- 
vealed one  star,  HD  36665,  with  a  Ca  II 
component  displaced  70  km  s"1  to  the 
violet.  The  high-velocity  component  is 
not  present  in  the  sodium  D  lines. 

A  search  for  interstellar  Ti  II  by  Wal- 
lerstein in  cooperation  with  Dr.  D.  Gold- 
smith of  the  State  University  of  New 
York  at  Stony  Brook  has  been  started. 
Spectra  of  seven  stars  have  produced 
negative  results. 

Dr.  V.  Weidemann  on  sabbatical  leave 
from  the  Institut  fiir  Theoretische  Physik 
und  Sternwarte,  Kiel  University,  Ger- 
many, has  critically  investigated  recent 
work  on  white-dwarf  atmospheres.  Multi- 
channel scanner  observations  by  Oke  and 
Shipman  (Year  Book  70,  p.  403)  have 
been  compared  with  intermediate-band 


uvby  photometry  by  John  Graham. 
Whereas  the  uvby  data  are  well  repro- 
duced by  computation  using  the  scans,  the 
theoretical  evaluation,  especially  of  cool 
(hydrogen-rich)  DA  white  dwarfs,  is  more 
readily  based  on  the  Stromgren  colors. 
A  new  temperature  scale  was  established 
that  differs  from  Shipman's  especially  for 
high  temperatures.  A  surprisingly  small 
scatter  in  surface  gravity  along  the  cool- 
ing DA  sequence  (log  g  =  8.0  ±  0.15) 
implies  a  narrow  mass  range  and  points 
to  a  common  origin  of  the  majority  of  the 
DA  white  dwarfs,  which  are  identified 
with  nuclei  of  planetary  nebulae  arising 
from  parent  stars  in  the  oldest  disk  Popu- 
lation I.  The  high  birth  rate  of  both 
planetary  nebulae  and  white  dwarfs  being 
incompatible  with  the  mass  budget  of  the 
galaxy  for  its  total  age,  it  is  suggested 
that  DA  white  dwarfs  were  born  in  large 
numbers  only  recently.  This  also  could 
explain  the  observed  deficit  (Year  Book 
68,  p.  113)  of  degenerates  with  red  colors, 
since  cooling  times  to  reach  this  region 
exceed  2  X  109  years. 

The  importance  of  angular  momentum 
for  late  stages  of  stellar  evolution  has 
been  demonstrated  in  calculations  of  pre- 
supernova  models  that  were  carried  out 
by  Weidemann  together  with  Dr.  I.  J. 
Sackmann  of  the  Kellogg  Laboratories, 
California  Institute  of  Technology.  Vio- 
lent carbon  ignition  does  not  occur  in 
double-shell  source  models  with  degen- 
erate carbon-oxygen  cores  for  stars  in  the 
intermediate  mass  range  (3-7  3TC0 ) ,  if  a 
considerable  fraction  of  the  original  aver- 
age main-sequence  angular  momentum  is 
retained.  The  nuclear  evolution  will  be 
terminated  by  mass  loss  due  to  increasing 
luminosity  instead  of  by  supernova  ex- 
plosion. The  final  fate  of  these  stars, 
which  closely  approach  the  massive  dif- 
ferentially rotating  white  dwarf  models 
of  Ostriker  and  Bodenheimer  (Astrophys. 
J.,  151,  1089,  1968),  will  depend  on 
angular  momentum  transport,  especially 
during  crystallization  in  the  subsequent 
cooling  process. 
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During  the  past  year,  Drs.  G.  A.  Welch 
and  G.  N.  Sastry  of  Van  Vleck  Observa- 
tory at  Wesleyan  University  augmented 
their  multicolor  photographic  data  on 
supergiant  galaxies  and  their  associated 
clusters  (Year  Book  70,  p.  439)  using  the 
48-inch  schmidt  telescope.  Microphoto- 
metric  scans  have  been  obtained  along 
the  major  axis  of  most  of  the  galaxies  on 
the  F-bandpass  series.  These  will  be  used 
to  calibrate  tracings  of  these  galaxies 
with  the  aim  of  determining  metric  diam- 
eters and  "total"  magnitudes.  Deeply 
exposed  Illa-J  plates  of  the  program 
clusters  were  secured  with  the  object  of 
studying  faint  features.  Some  evidence 
for  "intergalactic"  material  was  found  in 
the  Coma  cluster.  Isodensitometry  of  the 
central  regions  of  several  other  rich  clus- 
ters has  been  undertaken  in  an  effort  to 
disclose  diffuse  nongalactic  material,  but 
preliminary  inspection  of  the  tracings  has 
not  revealed  other  cases  similar  to  Coma. 

With  Dr.  H.  J.  Rood,  Sastry  completed 
a  catalog  containing  information  on  posi- 
tion, orientation,  integrated  color,  and 
morphological  type  for  170  bright  gal- 
axies in  a  2-square-degree  field  of  the 
cluster  Abell  2199.  A  tendency  was  found 
for  cluster  members  to  lie  along  the  major 
axis  of  the  central  supergiant  galaxy 
(NGC  6166) ,  confirming  the  result  of  an 
earlier  study.  Statistical  tests  indicated 
that  galaxies  with  small  ellipticity,  major 
axis  perpendicular  to  that  of  the  super- 
giant, red  color,  and  type  E  or  SO  tend  to 
be  preferentially  concentrated  toward  the 
cluster  center.  Galaxies  of  type  E  and 
those  having  relatively  blue  integrated 
color  tend  to  lie  alongxthe  major  axis  of 
the  supergiant. 

Dr.  John  M.  Wilcox  of  the  Institute  of 
Plasma  Research,  Stanford  University, 
Dr.  Kenneth  H.  Schatten  of  Goddard 
Space  Flight  Center,  Leighton,  and  How- 
ard have  computed  the  large-scale  photo- 
spheric  magnetic  field  by  allowing  ob- 
served active-region  fields  to  diffuse  and 
to  be  sheared  by  differential  rotation  in 
accordance  with  the  Leighton  magneto- 


kinematic  model  of  the  solar  cycle.  The 
differential  rotation  of  the  computed  field 
patterns  as  determined  by  autocorrelation 
curves  is  similar  to  that  of  the  observed 
photospheric  field,  and  poleward  of  20° 
both  are  significantly  different  from  the 
differential  rotation  of  the  long-lived  sun- 
spots  (Newton  and  Nunn)  used  as  an 
input  into  the  computations. 

Mr.  Philip  H.  Scherrer  of  the  Institute 
for  Plasma  Research,  Stanford  Univer- 
sity, Wilcox,  and  Howard,  using  a  cross- 
correlation  technique,  have  compared 
large-scale  averages  of  daily  solar  mag- 
netograms  with  the  interplanetary  mag- 
netic sector  pattern  during  a  two  and 
one-half  year  interval.  A  significant  cor- 
relation was  found  at  a  lag  of  about  four 
and  one-half  days,  with  the  amplitude  of 
the  correlation  depending  on  the  area  in- 
cluded in  the  magnetogram  averages.  The 
highest  correlation  was  found  when  an 
area  of  one  quarter  of  the  solar  disk  was 
used,  which  is  consistent  with  the  idea 
that  the  photospheric  features  that  are 
to  be  associated  with  the  interplanetary 
sector  pattern  are  large-scale  features. 

Dr.  John  E.  Winzer  of  the  University 
of  Toronto  has  been  studying  the  varia- 
bility of  peculiar  A-type  stars.  Program 
stars  consist  of  all  Ap  stars  north  of  0° 
declination  in  the  Bright  Star  Catalogue, 
listed  as  peculiar  in  the  catalogs  of 
Osawa,  Bertaud,  Jaschek,  etc.  There  are 
118  stars  in  this  sample,  of  which  28  have 
been  studied  photometrically  by  other 
observers.  For  the  most  part,  stars  with 
period  previously  determined  have  not 
been  reobserved,  although  in  some  cases 
where  the  photometry  seems  questionable 
more  observations  have  been  obtained  (5 
stars).  Also,  five  fainter  Ap  stars,  five 
A  Bootis  stars,  and  13  Am  stars  have  been 
included.  Differential  UBV  observations 
have  been  obtained  for  the  program  stars 
with  an  accuracy  imposed  by  weather  or 
instrumental  limitations  of  approxi- 
mately 0.005  mag.  The  observations  have 
been  obtained  at  either  Kitt  Peak  Na- 
tional Observatory  (16-inch)  or  Palomar 
Observatory  (20-inch).  In  general,  10  to 
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15  observations  of  each  program  star 
were  obtained  over  the  four-week  period 
of  a  run  with  multiple  observations  on  one 
or  more  nights.  This  was  repeated  on  a 
later  run.  From  the  data,  periods  and 
light  curves  for  variables  with  periods  up 
to  one  month  can  be  obtained  and  the 
presence  of  longer  period  variations  de- 
tected. 

Observations  of  50  stars  have  been  re- 
duced. Approximately  40%  of  these  stars 
have  detectable  variations  greater  than 
0.01  mag,  although  some  that  appear  to 


be  constant  may  prove  to  be  variable 
with  more  detailed  analysis.  Only  two 
stars  with  periods  greater  than  10  days 
have  been  discovered,  although  at  least  7 
have  periods  of  less  than  one  day  (but 
too  long  for  the  variations  to  be  8  Scuti 
type).  Five  stars  have  amplitudes  of  0.1 
mag  or  more.  The  largest  of  these  is  HD 
51418  with  a  range  of  0.18  mag  in  V.  This 
star  has  been  observed  also  in  H/3  and 
found  to  be  variable.  All  of  the  variables 
discovered  so  far  have  been  either  Si 
(including  Si-Cr,  etc.)  or  Sr-Cr-Eu  stars. 


ASTROELECTRONICS     LABORATORY 


Under  the  supervision  of  Dennison,  the 
Laboratory  made  substantial  progress  in 
completion  or  advancement  of  several 
important  systems  of  vital  importance  to 
the  major  instruments  of  the  Observa- 
tories. 

Computer  System  for  the 
200-Inch  Telescope 

The  system  for  data  acquisition  and 
telescope  control  was  conceived  and 
planned  by  H.  Sachs  about  four  years 
ago.  It  was  first  operated  on  the  200-inch 
telescope  in  November  1971.  The  system 
will  readily  accept  additional  observing 
devices  without  disruption  of  any  of  the 
existing  circuitry.  Hall,  the  chief  pro- 
grammer, has  generated  an  extensive 
library  of  operating  subroutines  that  pro- 
vide great  flexibility  and  power. 

Television  Field  Enhancement 

In  December  the  new  television  field- 
enhancement  system  was  placed  in  rou- 
tine operation  on  the  200-inch  telescope. 
This  system  uses  an  SEC  camera  tube 
coupled  to  an  electrostatically  focused 
image  intensifier  as  the  image  detector. 
The  integrated  images  are  recorded  on 
silicon  target  storage  tubes  and  displayed 
continuously  to  the  observer.  Stars  and 
galaxies  of  the  22nd  visual  magnitude 
have  been  detected  and  displayed.  This 
is  3  mag  fainter  than  the  generally  ac- 


cepted unaided  visual  limit.  The  use  of 
this  television  system  now  enables  the 
observers  using  the  multichannel  spectro- 
photometer and  the  nebular  spectrograph 
to  operate  the  telescope  from  the  data 
room,  where  they  have  convenient  access 
to  star  charts  and  the  data-system  rec- 
ords. Faint  objects  can  be  more  efficiently 
located  without  the  necessity  of  using 
"blind  offsets."  All  of  these  factors  have 
made  the  system  highly  acceptable. 

Digital  Image  Recorder 

One  of  the  major  projects  during  the 
past  year  has  been  to  design  and  con- 
struct the  solid  state  memory  for  a'  digital 
image  recorder,  a  joint  effort  between  the 
Hale  Observatories  and  the  Princeton 
University  Observatory.  The  goal  is  to 
develop  an  image  recorder  that  can  detect 
single  photoelectrons  generated  in  a 
photocathode  from  an  optical  image  and 
record  these  events  in  a  completely  digital 
memory  that  has  a  wide  dynamic  range. 
These  events  are  accumulated  in  a  man- 
ner that  permits  reconstruction  of  the 
two-dimensional  image.  The  image  re- 
corder will  be  a  powerful  tool  for  meas- 
urement of  spectroscopic  images  of  both 
high  and  low  dispersion  because  it  can 
simultaneously  measure  a  large  number 
of  image  elements  with  high  photometric 
and  spatial  accuracy.  For  direct  image 
measurement,  the  device  is  expected  to 
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measure  images  of  nearly  27  mag  and 
faint  galactic  extensions  that  are  only  1% 
brighter  than  the  sky  background. 

The  Princeton  group  is  assembling  the 
detector  system,  using  a  new  high-gain 
television  camera  tube  that  is  being  de- 
veloped by  RCA.  The  entire  digital  por- 
tion of  the  system  is  being  designed  and 
constructed  by  the  Astroelectronics  Lab- 
oratory. 

Mount  Wilson  60-Inch  Computer  System 

The  computer  system  for  the  Mount 
Wilson  60-inch  telescope  has  been  com- 
pletely assembled  and  was  tested  and 
installed  during  the  early  summer  of 
1972.  Because  this  system  is  composed  of 
devices  identical  to  those  in  operation 
on  the  Palomar  60-inch,  all  of  the  existing 
software  can  be  adopted  without  modi- 
fication. The  installation  of  the  new  sys- 
tem should  greatly  enhance  the  effective- 
ness of  this  telescope,  which  has  had  a 
long  record  of  outstanding  service  to 
astronomy.  It  will  become  the  third 
major  telescope  of  the  Hale  Observatories 
to  have  a  computer  system  as  part  of  its 
auxiliary  instrumentation. 

Eichner  Plate  Scanner 

During  June  of  1972,  a  computer  sys- 
tem was  completed  for  the  Eichner  iris 
photometer  located  in  Robinson  Labora- 
tory. The  basic  system  consists  of  a  Ray- 
theon 703  computer,  4000  words  of  mem- 
ory, and  a  magnetic  tape  recorder.  The 
special  peripheral  devices  include  con- 
trols, display  and  recording  functions  for 


the  X-Y  table  motion,  the  iris  diaphragm, 
and  a  photometer  input.  This  system  will 
be  used  to  make  raster  scans  of  plates 
taken  of  galaxies.  In  the  future,  it  will  be 
expanded  to  accept  inputs  from  the  exist- 
ing microphotometer  and  the  Grant 
measuring  engine.  This  is  the  first  of  the 
Hale  Observatories'  data  reduction  in- 
struments to  be  attached  to  a  computer 
data  system. 

150-Foot  Solar  Tower 

The  solid  state  control  system  was 
completed  and  is  ready  for  installation. 
Work  on  the  data  system  has  been  de- 
layed but  completion  is  expected  soon. 
Pending  installation  of  the  basic  com- 
puter, it  has  been  in  successful  operation 
as  a  solar  data  reduction  center. 

100-Inch  du  Pont  Telescope 

Work  on  the  computer  system  and  the 
telescope  control  circuits  has  been 
started,  and  the  primary  effort  of  the 
Astroelectronics  Laboratory  will  be  de- 
voted to  this  project  during  the  coming 
year.  The  experience  gained  during  the 
past  years  will  be  directed  toward  making 
this  telescope  one  of  the  most  powerful  in 
the  world.  The  design  calls  for  both  a 
comprehensive  data  acquisition  system 
and  a  complete  data  reduction  center. 
The  telescope  control  system  will  include 
computer  assistance  for  the  observer  as 
well  as  a  complete  manual  backup  to 
ensure  a  high  level  of  reliability. 


INSTRUMENTATION 

Vidicon  Photometer 


Westphal  has  adapted  a  silicon  intensi- 
fier  tube  (SIT)  to  the  silicon  yidicon  sys- 
tem developed  by  McCord  and  Westphal 
(Applied  Optics,  11,  522,  1972).  This 
tube,  manufactured  by  RCA,  has  a  16- 
mm  round  S-20  photocathode,  which  in 
this  application  is  masked  to  10  mm  X 


10  mm  square.  The  photoelectrons 
emitted  from  the  photocathode  are  ac- 
celerated by  a  10-kv  electrical  field  and 
imaged  onto  a  silicon  diode  array  target 
similar  to  those  used  in  regular  silicon 
vidicons.  By  cooling  the  SIT  to  dry  ice 
temperatures,  so  that  the  thermal  leak- 
age of  the  silicon  diodes  in  the  target  be- 


706 


CARNEGIE    INSTITUTION 


comes  insignificant,  it  is  possible  to  inte- 
grate an  image  for  long  periods  (hours). 
The  65,536  stored  image  elements  can 
then  be  read  out,  digitized,  and  recorded 
on  magnetic  tape  in  3.3  sec. 

The  present  system  has  been  used  both 
for  direct  "photography"  and  for  spec- 
troscopy. Over  one  hundred  frames  of 
various  galaxies,  star  clusters,  and  other 
interesting  objects  have  been  taken  at  the 
200-inch  prime  focus  to  establish  the 
properties  of  the  SIT.  With  a  V  filter,  it 
is  possible  to  detect  =«23  mag  stars  with 
less  than  one  minute  exposure  time.  Over 
its  useful  spectral  range  (4000-8500  A), 
the  SIT  system  is  several  hundred  times 
faster  than  photographic  plates,  and  it 
has  a  much  larger  dynamic  range 
(*=»  1000:1)  and  a  linear  transfer  function. 

The  existing  system  is  ideally  suited 
for  accurate  two-dimensional  surface- 
brightness  measurements  of  extended  ob- 
jects, and  a  major  program  with  Kristian 
and  Sandage  has  been  started  to  apply 
it  to  galaxies.  Initial  efforts  will  be  con- 
centrated on  measuring  magnitudes, 
diameters,  and  redshifts  of  many  faint 
galaxy  clusters,  with  the  aim  of  determin- 
ing the  cosmological  deceleration  param- 
eter. 

The  SIT  has  been  used  also  on  the  100- 
inch  coude  in  collaboration  with  Vaughan 
and  Zappala  at  a  dispersion  of  4  A  cm"1 
to  evaluate  its  application  to  spectroscopy. 
Several  frames  were  recorded  of  Arcturus 
and  other  stars  where  scanner  and  inter- 
ferometer data  exist  to  determine  the 
photometric  properties  of  the  SIT  system. 
Preliminary  reduction  of  these  data 
shows  that  the  gain  of  the  SIT  in  relation 
to  photographic  materials  or  photoelec- 
tric scanners  is  very  high.  Comparison 
between  interferometric  and  SIT  meas- 
urements of  interstellar  sodium  absorp- 
tion lines  on  the  same  star  appears  to 
indicate  that  the  SIT  is  photon  noise 
limited  and  that  the  "multiplex"  advan- 
tage is  fully  realized.  In  this  test,  equiva- 
lent data  were  collected  five  times  faster 
by  the  SIT  system.  A  further  advantage 


is  that  thin  clouds  do  not  degrade  rela- 
tive photometry  of  objects  in  any  given 
frame.  This  will  significantly  increase 
the  useful  telescope  time  available  for 
photometry. 

SIT  vidicons  are  now  available  up  to  27 
mm  in  diameter,  which  with  the  present 
system  will  yield  262,000  resolution  ele- 
ments, each  with  more  than  1000:1  dy- 
namic range.  The  manipulation  of  such 
large  quantities  of  data  is  a  major  prob- 
lem that  will  require  the  use  of  a  large 
computer  supplemented  by  ingenious 
techniques  for  editing,  sorting,  and  reduc- 
tion. 

The  present  system  is  sufficiently  com- 
pact for  installation  in  the  200-inch 
prime-focus  cage  and  permits  operation 
by  the  observer  with  no  additional^  assist- 
ance. The  system  contains  a  small  scan 
converter  TV  monitor  so  that  the  results 
of  an  exposure  are  immediately  visible. 
An  electronic  exposure  timer  also  is  avail- 
able so  that  accurate  exposures  from  0.1 
sec  to  99.9  min  are  possible  with  the 
shutter  built  into  the  photometer.  The 
data  are  recorded  digitally  on  a  9-track 
800  bpi  IBM  360  compatible  magnetic 
tape  that  can  be  read  directly  by  the  CIT 
computer  system. 

Plans  are  being  made  to  adopt  a  SIT 
to  a  low-dispersion  spectrograph  to  be 
used  for  many  of  the  projects  now  using 
the  multichannel  scanner  or  the  200-inch 
Cassegrain  image-tube  spectrograph. 
Also,  the  proper  mountings  are  being 
designed  to  use  the  SIT  at  lower  disper- 
sion on  the  100-inch  coude.  Specific  ob- 
servational projects  using  the  SIT  are  de- 
scribed in  other  sections  of  this  report. 

Auxiliary  Instruments  at  Palomar 

All  of  the  auxiliary  instrumentation 
initially  planned  for  the  Palomar  60-inch 
telescope  has  been  completed.  The  low- 
dispersion  image-tube  spectrograph  is  in 
operation  and  the  quality  of  the  spectra 
is  excellent.  A  series  of  gratings  provides 
dispersions  of  60,  144,  and  285  A  mm"1. 
The  image-tube  sensitivity  should  permit 
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spectra  to  be  obtained  from  A3200  to 
A8000.  An  automatic  film  transport  is 
available. 

The  broad-band  photometer  is  designed 
for  use  with  two-tube  or  one-tube  cold 
boxes.  The  two-tube  version  permits  star 
and  sky  to  be  observed  simultaneously. 
Aperture  sizes  range  from  5  to  114  arc 
sec,  and  even  larger  apertures  are  possible 
in  the  single-tube  mode.  Two  two-tube 
cold  boxes  are  available,  one  with  S-20 
cathode  tubes  and  the  other  with  S-l 
tubes.  The  single  S-20  tube  cold  box 
normally  used  at  the  200-inch  prime  focus 
can  be  used  also  with  this  photometer. 

The  original  200-inch  prime-focus 
scanner  has  been  modified  for  use  with 
the  Palomar  60-inch  telescope.  It  can  be 
used  at  present  with  its  original  S-17  and 
S-l  phototubes  or  in  the  near  future  with 
the  two-tube  photometer  cold  boxes. 

The  200-inch  Cassegrain  image-tube 
spectrograph  has  been  modified  for  use 


with  a  new  single-stage  magnetically 
focused  image  tube.  This  image  tube  has 
a  fiber  optic  output  plate  and  is  used  with 
an  automatic  film  transport.  It  is  now 
much  easier  to  make  focus  and  tilt  ad- 
justments. The  new  image  tube  has  about 
twice  the  resolution  of  the  old  two-stage 
tube  but  is  appreciably  slower. 

Photographic  Techniques 

A  method  of  hypersensitizing  photo- 
graphic emulsions  by  out-gassing  in  a 
vacuum,  first  announced  by  the  Eastman 
Kodak  Research  Laboratories,  has  been 
applied  by  Miller  with  greatly  simplified 
equipment  to  adapt  it  to  telescopic  use. 
The  process  significantly  increases  the 
efficiency  of  existing  photographic  emul- 
sions in  common  use  for  astronomy.  Re- 
duction of  the  method  to  a  routine  pro- 
cedure for  use  by  observers  is  expected. 


LAS     CAMPANAS    OBSERVATORY 


The  new  40-inch  telescope  went  into 
regular  operation  in  January  1972  fol- 
lowing a  period  of  six  months  during 
which  observations  were  combined  with 
testing  and  adjustments.  The  testing 
phase  was  largely  the  responsibility  of 
Vaughan.  Other  observers  included  Kris- 
tian,  Sandage,  Neugebauer,  Becklin,  and 
Brucato.  In  1972,  observers  with  the  40- 
inch  included  the  following  staff  mem- 
bers: Searle,  Allen,  J.  P.  Swings,  Brucato, 
and  Porter.  Guest  investigators  included 
Dr.  Kent  Ford  of  the  Carnegie  Institu- 
tion's Department  of  Terrestrial  Mag- 
netism; Mr.  G.  Alcaino  of  the  Catholic 
University,  Santiago;  and  Drs.  Persson 
and  Frogel  from  the  Harvard  College 
Observatory.  The  telescope  was  capable 
of  wide-angle  direct  photography,  infra- 
red observations,  image-tube  spectros- 
copy with  the  DTM  spectrograph,  and 
photoelectric  photometry  with  a  system 
constructed  by  Westphal. 

The  24-inch  telescope  of  the  University 
of  Toronto  was  in  operation  by  astrono- 


mers from  that  institution  for  the  greater 
part  of  the  year. 

Site  Development 

Work  at  Las  Campanas  proceeded 
under  the  general  direction  of  Adkison 
with  immediate  supervision  by  Wagner. 
The  10-inch  photographic  refractor  from 
Mount  Wilson  was  erected  in  a  new  struc- 
ture with  roll-off  roof.  Three  temporary 
dormitories  were  completed  for  astronom- 
ical observers  while  the  workers'  quarters 
were  enlarged  and  improved.  The  design 
for  the  permanent  lodge  was  completed 
by  Mr.  Richard  W.  Rose,  A.I.A.,  and  a 
location  on  the  ridge  south  of  Manqui 
was  selected  for  this  structure.  The  firm 
of  Mena  and  Williams,  Santiago,  made 
good  progress  on  the  water  system  with 
installation  of  six  kilometers  of  pipe  from 
Las  Breas  to  the  Portezuelo  Conro  where 
a  30,000-gallon  tank  was  constructed.  A 
similar  tank  was  constructed  on  the  slope 
of  Manqui  and  distribution  lines  were 
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laid.  A  3000-gallon  tank  for  gasoline  and 
another  for  diesel  fuel  were  installed  and 
construction  was  started  on  the  power 
house,  two  warehouses,  and  other  im- 
provements. A  gate  house  was  con- 
structed on  the  approach  road  and  all 
principal  structures  were  linked  by  27- 
MHz  radio  units  for  communications. 

The  Manquis  summit  at  the  northwest 
end  of  the  Las  Campanas  ridge  was 
selected  by  the  Las  Campanas  Committee 
as  the  site  for  the  100-inch  du  Pont  Tele- 
scope. A  geological  report  was  obtained 
and  foundation  borings  were  begun. 

At  the  El  Pino  office  of  the  Observa- 
tory in  La  Serena  various  serviceable  but 
temporary  structural  improvements  were 
made,  fencing  was  repaired,  and  a  radio 
link  with  Las  Campanas  was  put  into 
operation.  Frequent  radio-telephone 
communication  with  Pasadena  was  con- 
tinued. 

100-Inch  du  Pont  Telescope 

Under  Rule  as  Project  Officer  the  engi- 
neering group  was  expanded  and  very 
effectively  completed  the  basic  design  of 
the  telescope  by  December  1971.  After  a 
review  of  bids  from  three  prospective  con- 
tracting firms,  the  contract  for  the  con- 
struction of  the  mounting  and  mechanical 
parts  of  the  telescope  was  awarded  to  the 
Boiler  and  Chivens  Division  of  the 
Perkin-Elmer  Corporation  in  joint  ven- 
ture with  L  and  F  Industries.  By  June  1 
the  contractor  had  completed  the  mirror 
cell  and  support  system,  and  fabrication 
of  basic  heavy  parts  of  the  mounting  was 
under  way. 

For  the  optical  work,  an  agreement 
was  signed  with  the  Optical  Sciences  Cen- 
ter of  the  University  of  Arizona.  The 
fused  silica  blank  for  the  primary  mirror 
was  received  from  the  Corning  Glass 
Works  and  delivered  to  Tucson  in  De- 
cember. With  Vaughan  responsible  for 
optical  specifications,  testing,  and  accept- 
ance, Mr.  Don  Loomis  of  O.S.C.  was  in 
charge  of  shop  work  with  the  assistance 


of  Fair  from  the  Mount  Wilson  shop.  All 
tests  confirmed  that  the  blank  was  excel- 
lent. By  June  all  grinding  of  the  primary 
had  been  completed  and  the  mirror  had 
been  brought  to  a  polished  spherical  sur- 
face preparatory  to  testing  on  its  final 
support  system  and  to  final  figuring. 
Meanwhile,  the  lightweight  blanks  of 
ULE  for  the  secondary  mirrors  had 
likewise  been  received  and  preliminary 
work  on  these  was  accomplished  in  the 
Pasadena  optical  shop.  Finishing  of  a 
special  infrared  secondary  mirror  was 
likewise  advanced. 

Architectural  plans  of  the  telescope 
building  and  dome  were  completed  by 
Rose  in  close  coordination  with  the  engi- 
neering group  and  with  the  scientific  staff 
in  order  to  meet  the  highly  specialized 
requirements  for  this  structure. 

Throughout  the  year  many  meetings  of 
the  Las  Campanas  Committee  and  of 
various  staff  groups  were  held  in  order  to 
approve  major  decisions  and  to  advance 
the  planning  of  all  phases  of  the  project. 

A  system  for  telescope  control  and  data 
acquisition  with  a  central  computer  unit 
was  designed  (see  "Astroelectronics  Lab- 
oratory," this  report). 

Planning  for  auxiliary  instruments  was 
the  responsibility  of  Oke.  Much  consid- 
eration has  been  given  to  the  concept  of 
ready  interchange  of  auxiliaries  with  a 
minimum  of  effort  by  the  astronomer  and 
night  assistant.  Auxiliary  instruments 
will  include  an  image-tube  spectrograph, 
broad-band  photometer,  echelle  spectro- 
graph, and  at  least  one  type  of  two- 
dimensional  digital  image  photometer. 
Wide-angle  direct  photography  will  be 
possible  with  plates  up  to  20  inches 
square.  Video  field  viewing  and  auto- 
matic guiders  will  be  provided.  Special 
provision  will  be  made  for  the  use  of 
infrared  detectors  at  the  Cassegrain  focus 
with  a  wobbling  secondary  mirror.  De- 
sign of  the  coude  spectrograph  is  under 
the  supervision  of  Vaughan.  A  special 
room  of  ample  size  to  the  south  of  the 
dome  is  being  provided  for  this. 
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Press,  1972,  pp.  264-281.  Reprinted  by  per- 
mission, Annals  of  the  Association  of  Amer- 
ican Geographers,  Vol.  53,  No.  4,  December 
1963,  pp.  429-440. 


Administrative  Reports 


Report  of  the  Executive  Committee 

To  the  Trustees  of  the  Carnegie  Institution  of  Washington 


Gentlemen : 

In  accordance  with  the  Provisions  of  the  By-Laws,  the  Executive  Committee  submits 
this  report  to  the  Annual  Meeting  of  the  Board  of  Trustees. 

During  the  fiscal  year  ending  June  30,  1972,  the  Executive  Committee  held  four  meet- 
ings. Printed  accounts  of  these  meetings  have  been  or  will  be  mailed  to  each  Trustee. 

The  estimate  of  expenditures  for  the  fiscal  year  beginning  July  1,  1972,  has  been  reviewed 
by  the  Executive  Committee. 

The  terms  of  office  of  the  Chairmen  of  all  Committees  of  the  Board  expire  on  May  5, 
1972.   The  terms  of  the  following  members  of  Committees  also  expire  on  May  5,  1972: 


Executive  Committee 
Michael  Ference,  Jr. 
Crawford  H.  Greene  wait 
Richard  S.  Perkins 

Finance  Committee 
Richard  S.  Perkins 
Robert  M.  Pennoyer 


Nominating  Committee 
James  N.  White 


May  5,  1972 


William  McChesney  Martin,  Jr.,  Chairman 
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Abstract  of  Minutes 

of  the  Seventy-Fourth  Meeting  of  the  Board  of  Trustees 


The  annual  meeting  of  the  Board  of  Trustees  was  held  in  the  Board  Room  of  the 
Administration  Building  on  Friday,  May  5,  1972.  The  meeting  was  called  to  order  by 
Chairman  Garrison  Norton. 

The  following  Trustees  were  present:  Michael  Ference,  Jr.,  Carl  J.  Gilbert,  William  T. 
Golden,  Crawford  H.  Greenewalt,  Caryl  P.  Haskins,  William  R.  Hewlett,  Alfred  L.  Loomis, 
Keith  S.  McHugh,  William  McChesney  Martin,  Jr.,  Henry  S.  Morgan,  William  I.  Myers, 
Garrison  Norton,  Robert  M.  Pennoyer,  Richard  S.  Perkins,  William  M.  Roth,  William  W. 
Rubey,  Frank  Stanton,  Charles  H.  Townes,  and  James  N.  White.  The  President,  Philip 
H.  Abelson,  was  also  in  attendance. 

The  minutes  of  the  Seventy-Third  Meeting  were  approved. 

The  resignation  of  Amory  H.  Bradford  as  Trustee  was  accepted  with  regret. 

On  the  recommendation  of  the  Nominating  Committee,  the  following  were  elected  for 
one-year  terms:  William  McChesney  Martin,  Jr.,  as  Chairman  of  the  Executive  Com- 
mittee; Richard  S.  Perkins,  as  Chairman  of  the  Finance  Committee;  Charles  H.  Townes, 
as  Chairman  of  the  Nominating  Committee;  Keith  S.  McHugh,  as  Chairman  of  the 
Auditing  Committee;  and  Frank  Stanton,  as  Chairman  of  the  Retirement  Committee. 

Vacancies  in  Standing  Committees,  with  terms  as  indicated  in  parentheses,  were  filled 
as  follows:  Michael  Ference,  Jr.  (1975),  Crawford  H.  Greenewalt  (1975),  and  Richard  S. 
Perkins  (1975)  were  elected  members  of  the  Executive  Committee;  Richard  S.  Perkins 
(1975)  and  Robert  M.  Pennoyer  (1975)  were  elected  members  of  the  Finance  Committee; 
and  Caryl  P.  Haskins  (1975)  was  elected  a  member  of  the  Nominating  Committee. 

The  reports  of  the  Executive  Committee,  the  Finance  Committee,  the  Retirement 
Committee,  and  the  Auditing  Committee  were  accepted.  On  the  recommendation  of  the 
latter,  it  was  resolved  that  Arthur  Andersen  &  Co.  be  reappointed  as  public  accountants 
for  the  fiscal  year  beginning  July  1,  1972. 

The  annual  report  of  the  President  was  accepted. 

To  provide  for  the  operation  of  the  Institution  for  the  fiscal  year  beginning  July  1, 
1972,  and  upon  recommendation  of  the  Executive  Committee,  the  sum  of  $5,789,567  was 
appropriated.  To  provide  for  construction  expenses  of  the  Irenee  du  Pont  Telescope 
project  at  the  Las  Campanas  Observatory  for  the  fiscal  year  beginning  July  1,  1972,  and 
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upon  recommendation  of  the  Executive  Committee,  the  sum  of  $1,805,000  was  appro- 
priated from  the  Unrestricted  Capital  Fund  for  use  at  the  discretion  of  the  President. 
To  provide  for  site  development  expenses  at  the  Las  Campanas  Observatory  for  the  fiscal 
year  beginning  July  1,  1972,  and  upon  recommendation  of  the  Executive  Committee,  the 
sum  of  $247,000  was  appropriated  from  the  Unrestricted  Capital  Fund  for  use  at  the 
discretion  of  the  President. 


Report  of  Auditors 


Arthur  Andersen  &  Co. 


815  Connecticut  Avenue, N.W. 
Washington,  D.  C.  20006 

September  7,  1972 


REPORT  OF  INDEPENDENT  PUBLIC  ACCOUNTANTS 

To  the  Auditing  Committee  of 

Carnegie  Institution  of  Washington: 

We  have  examined  the  statement  of  assets  and  funds  of 
CARNEGIE  INSTITUTION  OF  WASHINGTON  (a  nonprofit  corporation 
chartered  by  Act  of  the  United  States  Congress)  as  of  June  30, 
1972,  and  the  related  summary  statement  of  changes  in  funds  for 
the  year  then  ended  and  the  supporting  exhibits  and  schedules  on 
pages  726  through  737.   Our  examination  was  made  in  accordance 
with  generally  accepted  auditing  standards,  and  accordingly  included 
such  tests  of  the  accounting  records  and  such  other  auditing 
procedures  as  we  considered  necessary  in  the  circumstances.   The 
statement  of  assets  and  funds  as  of  June  30,  1971,  which  is  pre- 
sented for  comparative  purposes,  was  examined  and  reported  on  by 
other  independent  public  accountants. 

In  our  opinion,  the  accompanying  financial  statements 
and  supporting  exhibits  and  schedules  (pages  726  through  737) 
present  fairly  the  assets  and  funds  of  Carnegie  Institution  of 
Washington  as  of  June  30,  1972,  and  the  changes  in  funds  for  the 
year  then  ended  resulting  from  the  application  of  the  cash  basis 
of  accounting  consistent  with  that  of  the  preceding  year. 


/\^joU^  /W^-  * 
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CARNEGIE  INSTITUTION  OF  WASHINGTON 


STATEMENT  A 


ASSETS  AND  FUNDS 
JUNE  30,  1972  AND  1971 


ASSETS 

Cash     

Advances  

Investments  (cost)  (a),  Schedule  2: 

Governmental  bonds 

Nongovernmental  bonds 

Mortgage 

Common  stocks 

Cash  advanced  at  discretion  of 

Investment  Advisor     

Total  investments    

Land  (cost) 

Buildings  (cost) 

Total  assets 

FUNDS 

Operating  Fund,  Exhibit  1 

Restricted  Grants,  Exhibit  2 

Endowment  and  Special  Funds,  Exhibit  3    

Land  and  buildings 

Total  funds 


1972 
$      260,407.30 

7,556.38 

1,000,000.00 

39,004,386.30 

5,891.84 

41,662,027.11 

(814,112.77) 
80,858,192.48 

758,912.33 

2,912,275.93 

$84,797,344.42 


$  3,349,557.73 

(33,871.36) 

77,810,469.79 

3,671,188.26 

$84,797,344.42 


1971 
$   234,994.68 

45,701.98 

1,099,625.00 

37,883,876.78 

8,738.12 

40,996,808.09 

79,989,047.99 

752,898.80 

2,907,430.26 

$83,930,073.71 

$  2,694,719.70 

(8,037.14) 

77,583,062.09 

3,660,329.06 

$83,930,073.71 


The  Institution  maintains  its  records  and  the  accompanying  financial  statements  have  been  pre- 
pared on  the  cash  receipts  and  disbursements  basis  of  accounting.  Accrued  income  and  accrued  expenses 
are  not  reflected  in  the  financial  statements;  however,  the  balance  of  unexpended  appropriations  is  re- 
served for  outstanding  obligations. 


(a)   Approximate  market  value  on  June  30,  1972:    $128,825,707;    on  June  30,  1971:    $113,041,612. 
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CARNEGIE  INSTITUTION  OF  WASHINGTON 

EXHIBIT  1  CHANGES  IN  OPERATING  FUND 

FOR  THE  YEAR  ENDED  JUNE  30,  1972 


Balance,  July  1,  1971 $2,694,719.70 


Appropriations,  Statement  B: 

Budget,  July  1,  1971  to  June  30,  1972    $5,246,284.00 

Las  Campanas  Observatory 

Unrestricted  Capital 781,987.00 

Greenewalt  Astronomy     353,893.36 

Employee  benefits,  special,  Hale    200.00  6,382,364.36 


Total  available  for  expenditures 9,077,084.06 


Expenditures: 

Salaries 2,715,146.81 

Educational  and  research  supplies 764,496.45 

Employee  benefits,  retirement  contributions 383,368.50 

Building  maintenance 349,437.98 

Equipment 308,116.00 

Administrative 251,639.79 

Fellowship  grants 173,851.83 

Employee  benefits,  other 142,292.25 

Taxes 120,349.22 

Travel 114,211.07 

Financial  advisory  services 107,657.35 

Publications 85,610.37 

Insurance 51,438.41 

Rent 28,908.50 

Consulting  fees 26,052.24 

Commissary    25,354.88 

Awards    22,356.77 

Shop 19,725.13 

Entertainment 14,493.58 

Fellowship  travel 11,031.78 

Land 6,013.53 

Buildings 5,973.89 


Total  expenditures 5,727,526.33 


Balance,  June  30,  1972 $3,349,557.73 
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CARNEGIE  INSTITUTION  OF  WASHINGTON 


EXHIBIT  2 


CHANGES  IN  RESTRICTED  GRANTS 
FOR  THE  YEAR  ENDED  JUNE  30,  1972 


Balance 
July  1,  1971 

Grants 

Expenditures 

Salaries 

Other 

Balance 
June  30,  1972 

Department  of  the  Air  Force  .  .  . 

$  2,583.36 

$        624.14 

($  3,207.50) 

Carnegie  Corporation  of 

$  80,000.00 

79,044.32 

955.68 

$  3,643.34 

3,643.34 

Jane  Coffin  Childs 

6,687.50 

6,687.50 

Jet  Propulsion  Laboratory   .  .  .  . 

231.35 

34.67 

196.68 

Medical  Research  Council    .  .  .  . 

486.25 

487.50 

854.16 

119.59 

Henry  S.  Morgan  Gift 

185.00 

185.00 

National  Aeronautics  & 

Space  Administration    

(23,656.15) 

162,152.65 

28,550.00 

147,343.93 

(37,397.43) 

National  Science  Foundation  .  .  . 

13,514.43 

143,500.00 

37,578.36 

113,679.97 

5,756.10 

Office  of  Naval  Research 

(2,256.36) 

21,924.00 

17,867.64 

5,461.46 

(3,661.46) 

29,017.00 
$443,953.65 

25,650.02 
$383,208.51 

3,366.98 

Total 

($  8,037.14) 

$86,579.36 

($33,871.36)* 

*Does  not  include  grants  to  be  received  as  follows: 

National  Aeronautics  &  Space  Administration $182,167.00 

National  Science  Foundation 105,084.33 

Wistar  Institute 24,433.00 

Jane  Coffin  Childs  Memorial  Fund 11,312.50 

Department  of  the  Air  Force 9,943.00 

Public  Health  Service 7,653.00 

Office  of  Naval  Research 5,808.00 

$346,400.83 
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CARNEGIE  INSTITUTION  OF  WASHINGTON 
SCHEDULE  2  INVESTMENTS,  JUNE  30,  1972 

Approximate 
Description  Par  Cost  Market 

Federal  Agency  Bonds 

Federal  National  Mortgage  Association, 

Part.  Certificates,  5%  s,  1973 $  1,000,000  $  1,000,000.00      $      996,250 

Foreign  Bonds 

Alberta  Government  Telephone  Commission, 

Deb.,  43/4s,  1989    $      700,000  $      700,000.00      $      476,000 

Alcan  Aluminum  Corporation, 

Prom.  Note,  43/4  s,  1984 694,000  694,000.00  562,140 

Aluminum  Co.  of  Canada,  Ltd., 

S.  F.  Deb.,  9V2  s,  1995 500,000 

Australia  (Commonwealth  of), 

5%  s,  1982    466,000 

Churchill  Falls  (Labrador)  Corp.  Ltd., 

1st  Mtg.  Series  A,  73/4  s,  2007 800,000 

Industrial  Acceptance  Corp.  Ltd., 

Sec.  Note  Series  Z,  5%  s,  1982 750,000 

Quebec  Hydro-Electric  Commission, 

S.  F.  Deb.,  5s,  1988 700,000 

Quebec  Hydro-Electric  Commission, 

Deb.,  Series  BN,  9y4s,  1995 500,000 

Shell  Funding  Corp., 

Collat.  Tr.  Series  B,  43/4  s,  1985    840,000 

Toronto  (Municipality  of  Metropolitan), 

S.  F.  Deb.,  5s,  1979 500,000 

Total $  6,450,000  $  6,459,223.04      $  5,546,958 

Public  Utility  Bonds 

American  Telephone  &  Telegraph  Company, 

Deb.,  8.70s,  2002 $      925,000  $      925,000.00      $  1,022,125 

American  Telephone  &  Telegraph  Company, 

Deb.,  83/4s,  2002 375,000  375,500.00  415,781 

Consolidated  Edison  Co.  of  N.  Y., 

1st  &  Ref.  Mtg.  Series  N,  5s,  1987 300,000 

Consumers  Power  Co., 

1st  Mtg.,  4%  s,  1987 4,000 

Minnesota  Power  &  Light  Co., 

1st  Mtg.,  3V,  s,  1975 200,000 

Niagara  Mohawk  Power  Corp., 

Gen.  Mtg.,  35/8s,  1986 250,000 

Niagara  Mohawk  Power  Corp., 

Gen.  Mtg.,  4V,  s,  1987 400,000 

Pacific  Gas  &  Electric  Co., 

1st  &  Ref.  Mtg.  Series  BB,  5s,  1989 250,000 

Pacific  Power  &  Light  Co., 

1st  Mtg.,  43/e  s,  1986 250,000 

Potomac  Electric  Power  Co., 

Deb.,  45/as,  1982 236,000 

Public  Service  Co.  of  Indiana, 

1st  Mtg.  Series  L,  47/8  s,  1987 400,000 


732 


517,267.09 

555,000 

467,442.50 

401,343 

800,000.00 

754,000 

750,000.00 

579,375 

687,750.00 

528,500 

504,125.95 

545,000 

840,000.00 

705,600 

498,637.50 

440,000 

301,205.57 

223,500 

4,013.38 

3,040 

200,510.37 

181,000 

251,536.68 

165,938 

401,798.94 

296,500 

251,050.16 

192,500 

251,550.67 

178,438 

238,500.69 

189,980 

400,000.00 

291,000 
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IN  VESTMENTS-Corc  t  inued 

Approximate 
Description  Par  Cost  Market 

Public  Utility  Bonds 
—Continued 

Southern  California  Edison  Co., 

lst&Ref.Mtg.  Series  H,4l/4s,   1982 $      250,000  $      250,742.26       $      195,625 

Southern  California  Edison  Co., 

1st  &  Ref.  Mtg.  Series  J,  47/6  s,  1982 200,000  200,904.12  164,750 

Southwestern  Bell  Telephone  Co., 

Deb.,  3V,  s,  1983 300,000  301,625.00  210,750 

Washington  Water  Power  Co., 

1st  Mtg.,  4'/8  s,  1987 300,000  300,000.00  227,625 

Total $  4,640,000  $  4,653,937.84      $  3,958,552 

Industrial  and  Miscellaneous  Bonds 

Boeing  Co., 

Notes,  <o\  s,  1986 $      792,000  $      792,000.00      $      653,400 

Chesapeake  &  Ohio  Railway  Co., 

Gen.  Mtg.,  4%  s,  1992 100,000 

Columbia  Broadcasting  System,  Inc., 

Prom.  Note,  5V2  s,  1991 840,000 

Commercial  Credit  Co., 

Note,  35/8s,  1976 400,000 

Crown  Zellerbach  Corp., 

Prom.  Note,  45/8s,  1981 250,000 

Crown  Zellerbach  Corp., 

S.  F.  Deb.,  878  s,  2000 1,000,000 

Erie  Mining  Company, 

1st  Mtg.  Series  B,  4%  s,  1983 387,000 

First  National  City  Bank, 

Capital  Conv.  Notes,  4s,  1990 1,000,000 

Fischbach  &  Moore,  Inc., 

Conv.  Sub.  Deb.,  4%  s,  1997 238,000 

FMC  Corp., 

S.  F.  Deb.,  3.8s,  1981 500,000 

Four  Corners  Pipe  Line  Co., 

Sec.  Note  5s,  1982 133,000 

General  Electric  Co., 

Demand  Note 1,145,000 

General  Electric  Credit  Corp.  (N.  Y.), 

Prom.  Note,  5s,  1975    500,000 

General  Motors  Acceptance  Corp., 

Prom.  Notes,  4.64s,  1972     5,253,000 

General  Motors  Acceptance  Corp., 

4s/.s,  1982 480,000 

General  Motors  Acceptance  Corp., 

Deb.,  4V.  s,  1987    1,000,000 

General  Motors  Acceptance  Corp., 

Deb.,  5s,  1977 200,000 

General  Motors  Acceptance  Corp., 

Deb.,  5s,  1981 200,000 

General  Portland  Cement  Co., 

Conv.  Sub.  Deb.,  5s,  1977 150,000 
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99,500.00 

65,250 

840,000.00 

699,300 

401,380.57 

362,000 

250,000.00 

216,875 

1,026,928.91 

1,105,000 

375,730.56 

274,770 

1,075,715.00 

1,790,000 

246,725.00 

277,270 

500,000.00 

382,500 

133,000.00 

116,043 

1,145,000.00 

1,145,000 

500,000.00 

461,250 

5,253,000.00 

5,253,000 

390,912.00 

391,200 

990,000.00 

787,500 

195,000.00 

186,500 

199,000.00 

172,750 

154,500.00 

130,500 
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INVESTMENTS-Contmued 


Description 

Industrial  and  Miscellaneous  Bonds 
— Continued 

Grant  (W.  T.)  Financial  Corp., 

Prom.  Notes,  4.55s,  1972     

GTE  Sylvanialnc, 

Demand  Note 

Heublein  Inc., 

Conv.  Sub.  Deb.,  4V2  s,  1997 

Household  Finance  Corp., 

Deb.,  47/e  s,  1993 

Hystron  Fibers,  Inc., 

Notes,  5%  s,  1986 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-16,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-19,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-21 ,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-23,  1991 

Instlcorp,  Inc., 

Collat.  Tr.  Note,  A-36,  1992 

Intl.  Harvester  Credit  Corp., 

Demand  Note 

Intl.  Harvester  Credit  Corp., 

Deb.,  4s/8s,  1979 

Kaiser  Aluminum  &  Chemical  Corp., 

IstMtg.,  5V2s,  1987 

Kresge  (S.  S.)  Company, 

Prom.  Note,  47/e  s,  1983 

Kresge  (S.  S.)  Company, 

Conv.  Sub.  Deb.,  5s,  1995 

Mercantile  Stores  Co.,  Inc., 

S.  F.  Deb.,  8.70s,  1995 

Montgomery  Ward  Credit  Corp., 

Deb.,  47/8  s,  1980 

NCNB  Corp., 

S.  F.  Deb.,  8.40s,  1995 

Sears  Roebuck  Acceptance  Corp., 

Sub.  Deb.,  4s/8s,  1977    

Spiegel,  Inc., 

Deb.,  5s,  1987 

Talcott  (James)  Inc., 

Senior  Note,  5l/2  s,  1980 

Texas  Gulf  Sulphur  Co., 

Prom.  Note,  4.7s,  1989 

Trailer  Train  Co., 

4%  s,  1976    

Tremarco  Corporation, 

1st  Mtg.  Series  E,  5s,  1983 

United  Air  Lines,  Inc., 

Notes,  5s,  1984 

United  Shoe  Machinery  Corporation, 

S.  F.  Deb.,  53/,s,  1992 


Par 


Cost 


Approximate 
Market 


636,000 

$   636,000.00 

$   636,000 

497,000 

497,000.00 

497,000 

350,000 

350,000.00 

366,188 

750,000 

746,250.00 

558,750 

,000,000 

1,000,000.00 

875,000 

274,100.91 

264,944.98 

238,467 

226,358.67 

218,868.85 

196,366 

125,172.85 

120,791.81 

108,900 

154,253.33 

151,754.49 

133,814 

459,726.86 

440,951.41 

386,170 

704,000 

704,000.00 

704,000 

400,000 

398,000.00 

340,000 

203,000 

203,000.00 

166,460 

606,666.68 

606,666.68 

485,333 

600,000 

1,273,000.00 

1,440,000 

500,000 

500,000.00 

527,500 

200,000 

199,000.00 

166,250 

500,000 

497,500.00 

520,000 

525,000 

511,505.00 

480,375 

250,000 

250,000.00 

176,563 

215,000 

212,850.00 

177,644 

595,000 

595,000.00 

478,975 

258,836.01 

258,836.01 

242,012 

205,000 

205,000.00 

178,863 

700,000 

700,000.00 

546,000 

680,000 

678,300.00 

537,200 
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Description  Par 

Industrial  and  Miscellaneous  Bonds 
—Continued 

U.  S.  Steel, 

S.  F.  Sub.  Deb.,  45/8s,  1996 $      542,500 

Westinghouse  Electric  Corp., 

Demand  Note 200,000 

Woolworth  (F.  W.)  Company, 

Prom.  Note,  5s,  1981    459,740.65 

Total $27,385,355.96 

Bonds,  funds  invested $39,475,355.96 

Mortgage 


Alfred  D.  Hershey  and  Harriet  D.  Hershey, 
5%  s,  1974 


Common  Stocks 

Alcon  Laboratories,  Inc 

American  Telephone  &  Telegraph  Company 

AMP  Incorporated 

Aquitaine  Co.  of  Canada,  Ltd 

ARA  Services  Inc 

Avon  Products,  Inc 

Caterpillar  Tractor  Co 

Champion  International  Corp 

Chesebrough-Pond's  Inc 

Chicago  Pneumatic  Tool  Co 

Christiana  Securities  Company 

Coca-Cola  Bottling  Co.  of  N.  Y 

Coca-Cola  Company  (The) 

Disney  (Walt)  Productions 

E.  I.  du  Pont  de  Nemours  &  Co 

Eastman  Kodak  Company 

Economics  Laboratory,  Inc 

Federated  Department  Stores,  Inc 

First  National  City  Corp 

General  Electric  Company 

General  Motors  Corporation    

Hughes  Supply,  Inc 

International  Business  Machines  Corp.  .  .  . 

International  Tel  &  Tel  Corp 

Johnson  &  Johnson 

Lowes  Companies,  Inc 

McDonalds  Corp 

Merck  &  Co.,  Inc 

Minnesota  Mining  &  Manufacturing  Co.    .  .  . 
Mobil  Oil  Corporation 


Shares 


Cost 


Approximate 
Market 


$      443,873.50      $      358,728 
200,000.00  200,000 

459,740.65  372,389 


$27,891,225.42      $26,565,055 


$40,004,386.30      $37,066,815 


$         5,891.84      $ 


5,891.84      $ 


5,892 


Cost 


Approximate 
Market 


1,300 

$       81,991.01 

$        82,875 

45,352 

1,322,061.49 

1,887,777 

12,000 

783,265.58 

1,176,000 

28,000 

797,835.09 

714,000 

9,300 

1,258,611.97 

1,613,550 

24,000 

1,111,961.35 

2,742,000 

34,800 

601,472.84 

2,053,200 

11,200 

137,619.63 

249,200 

28,000 

911,861.03 

2,264,500 

25,500 

928,574.31 

1,198,500 

4,421 

506,083.00 

716,202 

48,000 

853,643.39 

1,464,000 

35,000 

561,147.87 

4,672,500 

14,566 

1,060,573.16 

2,716,559 

8,700 

1,081,570.56 

1,426,800 

40,000 

431,387.55 

5,305,000 

20,000 

751,375.00 

712,500 

24,000 

582,805.81 

1,170,000 

30,208 

348,278.77 

1,816,256 

55,000 

725,950.37 

3,616,250 

36,169 

1,206,754.99 

2,708,154 

5,700 

207,433.10 

198,075 

28,568 

837,055.57 

11,198,656 

31,000 

1,983,098.08 

1,615,875 

35,000 

678,921.26 

4,296,250 

10,000 

809,650.00 

875,000 

20,000 

1,068,119.94 

1,185,000 

46,000 

806,982.24 

3,576,500 

38,000 

1,916,654.93 

2,897,500 

40,700 

1,651,214.65 

2,289,375 
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Description 

Common  Stocks 
— Continued 

Modern  Merchandising,  Inc 

National  Chemsearch  Corp 

Oshmans  Sporting  Goods,  Inc 

Peabody  Galion  Corporation 

Penney  (J.  C)  Company,  Inc 

Pickwick  International,  Inc 

Polaroid  Corporation     

Rouse  Company 

Schlumberger  Ltd 

Sears  Roebuck  and  Co 

Squibb  Corp 

Standard  Oil  Co.  (New  Jersey)    

Steak  &  Ale  Restaurants  of  America,  Inc. 

Texaco  Inc 

Times-Mirror  Company     

Waste  Management,  Inc 

Kerox  Corp 

Common  stocks,  funds  invested 
Total     

Cash  advanced  at  discretion  of 
Investment  Advisor     

Aggregate  investments    .  . 


Shares 


Cost 


Approximate 
Market 


6,500 

$   219,375.00 

$   203,125 

15,000 

1,193,861.66 

1,121,250 

1,400 

36,351.40 

37,800 

20,000 

751,556.55 

720,000 

35,000 

1,967,073.28 

2,664,375 

20,000 

753,380.76 

920,000 

11,000 

1,197,431.69 

1,402,500 

7,800 

207,950.00 

196,950 

20,000 

1,789,328.00 

4,070,000 

15,000 

1,255,405.53 

1,657,500 

20,000 

1,862,399.23 

1,965,000 

23,561 

671,594.17 

1,746,459 

4,000 

174,578.84 

192,000 

48,380 

249,172.89 

1,572,350 

28,000 

1,265,083.38 

1,603,000 

8,000 

264,000.00 

288,000 

25,000 

1,799,530.19 

3,768,750 

$41,662,027.11 

$92,567,113 

$81,672,305.25    $129,639,820 


(814,112.77) 


(814,113) 


$80,858,192.48    $128,825,707 
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SCHEDULE  3 


SUMMARY  OF  INVESTMENT  TRANSACTIONS 
FOR  THE  YEAR  ENDED  JUNE  30,  1972 


Cash  awaiting  investment,  June  30,  1971    $        16,077.65 


Sales  and  Redemptions 


Bonds    

Mortgage    .  .  .  . 
Common  stocks 


Realized  capital  gain,  ne1>- 
Statement  B    


Capital 


Gain  Loss 

I       8,687.52      $1,145,661.86 
4,993,022.95        1,528,131.62 


5,001,710.47        2,673,793.48 
2,327,916.99 


3,001,710.47      $5,001,710.47 


Book  Value 

$24,136,077.11 

2,846.28 

13,617,772.88 

37,756,696.27 

2,327,916.99 


Total  sales  and  redemptions 

Income  applied  to  amortization  of  bond  premium.  .  . 
Gifts  of  securities  recorded  at  fair  market  value  .  . 
Cash  advanced  at  discretion  of  Investment  Advisor 
Cash  transferred  to  Operating  Fund      


Total 


40,084,613.26 

2,232.87 

330,229.00 

814,112.77 

(1,805,079.15) 

39,442,186.40 


Acquisitions 

Bonds $25,159,194.50 

Common  stocks 14,282,991.90 

Total  acquisitions 39,442,186.40 


Cash  awaiting  investment,  June  30,  1972 
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Jfifig-rig^  Congress  of  %  Into  States  of  America; 

&t  the  ^KtanA  Jfossiau, 

Begun  and  held  at  the  City  of  Washington  on  Monday,  the  seventh  day  of  December,  one 

thousand  nine  hundred  and  three. 


Aisr  ACT 

To  incorporate  the  Carnegie  Institution  of  Washington. 


Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United 
States  of  America  in  Congress  assembled,  That  the  persons  following,  being  persons 
who  are  now  trustees  of  the  Carnegie  Institution,  namely,  Alexander  Agassiz, 
John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge,  William  N.  Frew, 
Lyman  J.  Gage,  Daniel  C.  Gilman,  John  Hay,  Henry  L.  Higginson,  William 
Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P.  Langley,  William  Lindsay,  Seth 
Low,  Wayne  MacVeagh,  Darius  0.  Mills,  S.  Weir  Mitchell,  William  W.  Morrow, 
Ethan  A.  Hitchcock,  Elihu  Root,  John  C.  Spooner,  Andrew  D.  White,  Charles 
D.  Walcott,  Carroll  D.  Wright,  their  associates  and  successors,  duly  chosen,  are 
hereby  incorporated  and  declared  to  be  a  body  corporate  by  the  name  of  the 
Carnegie  Institution  of  Washington  and  by  that  name  shall  be  known  and  have 
perpetual  succession,  with  the  powers,  limitations,  and  restrictions  herein  contained. 

Sec.  2.  That  the  objects  of  the  corporation  shall  be  to  encourage,  in  the 
broadest  and  most  liberal  manner,  investigation,  research,  and  discovery,  and 
the  application  of  knowledge  to  the  improvement  of  mankind;  and  in  particular — 

(a)  To  conduct,  endow,  and  assist  investigation  in  any  department  of 
science,  literature,  or  art,  and  to  this  end  to  cooperate  with  governments, 
universities,  colleges,  technical  schools,  learned  societies,  and  individuals. 

(b)  To  appoint  committees  of  experts  to  direct  special  lines  of  research. 

(c)  To  publish  and  distribute  documents. 

(d)  To  conduct  lectures,  hold  meetings,  and  acquire  and  maintain  a  library. 

(e)  To  purchase  such  property,  real  or  personal,  and  construct  such  building 
or  buildings  as  may  be  necessary  to  carry  on  the  work  of  the  corporation. 
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(f)  In  general,  to  do  and  perform  all  things  necessary  to  promote  the 
objects  of  the  institution,  with  full  power,  however,  to  the  trustees  hereinafter 
appointed  and  their  successors  from  time  to  time  to  modify  the  conditions  and 
regulations  under  which  the  work  shall  be  carried  on,  so  as  to  secure  the 
application  of  the  funds  in  the  manner  best  adapted  to  the  conditions  of  the  time, 
provided  that  the  objects  of  the  corporation  shall  at  all  times  be  among  the 
foregoing  or  kindred  thereto. 

Sec.  3.  That  the  direction  and  management  of  the  affairs  of  the  corporation 
and  the  control  and  disposal  of  its  property  and  funds  shall  be  vested  in  a  board 
of  trustees,  twenty-two  in  number,  to  be  composed  of  the  following  individuals : 
Alexander  Agassiz,  John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge, 
William  N.  Frew,  Lyman  J.  Gage,  Daniel  0.  Gilman,  John  Hay,  Henry 
L.  Higginson,  William  Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P. 
Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  0.  Mills, 
S.  Weir  Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcock,  Elihu  Root, 
John  C.  Spooner,  Andrew  D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright, 
who  shall  constitute  the  first  board  of  trustees.  The  board  of  trustees  shall 
have  power  from  time  to  time  to  increase  its  membership  to  not  more  than 
twenty-seven  members.  Vacancies  occasioned  by  death,  resignation,  or  otherwise 
shall  be  filled  by  the  remaining  trustees  in  such  manner  as  the  by-laws  shall 
prescribe ;  and  the  persons  so  elected  shall  thereupon  become  trustees  and  also 
members  of  the  said  corporation.  The  principal  place  of  business  of  the  said 
corporation  shall  be  the  city  of  Washington,  in  the  District  of  Columbia. 

Sec.  4.  That  such  board  of  trustees  shall  be  entitled  to  take,  hold  and 
administer  the  securities,  funds,  and  property  so  transferred  by  said  Andrew 
Carnegie  to  the  trustees  of  the  Carnegie  Institution  and  such  other  funds  or 
property  as  may  at  any  time  be  given,  devised,  or  bequeathed  to  them,  or  to  such 
corporation,  for  the  purposes  of  the  trust ;  and  with  full  power  from  time  to  time  to 
adopt  a  common  seal,  to  appoint  such  officers,  members  of  the  board  of  trustees  or 
otherwise,  and  such  employees  as  may  be  deemed  necessary  in  carrying  on  the 
business  of  the  corporation,  at  such  salaries  or  with  such  remuneration  as  they  may 
deem  proper;  and  with  full  power  to  adopt  by-laws  from  time  to  time  and  such  rules 
or  regulations  as  may  be  necessary  to  secure  the  safe  and  convenient  transaction 
of  the  business  of  the  corporation;  and  with  full  power  and  discretion  to  deal 
with  and  expend  the  income  of  the  corporation  in  such  manner  as  in  their 
judgment  will  best  promote  the  objects  herein  set  forth  and  in  general  to  have 
and  use  all  powers  and  authority  necessary  to  promote  such  objects  and  carry  out 
the  purposes  of  the  donor.     The  said  trustees  shall  have  further  power  from  time 
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to  time  to  hold  as  investments  the  securities  hereinabove  referred  to  so  transferred 
by  Andrew  Carnegie,  and  any  property  which  has  been  or  may  be  transferred 
to  them  or  such  corporation  by  Andrew  Carnegie  or  by  any  other  person, 
persons,  or  corporation,  and  to  invest  any  sums  or  amounts  from  time  to  time 
in  such  securities  and  in  such  form  and  manner  as  are  permitted  to  trustees 
or  to  charitable  or  literary  corporations  for  investment,  according  to  the  laws 
of  the  States  of  New  York,  Pennsylvania,  or  Massachusetts,  or  in  such  securities 
as  are  authorized  for  investment  by  the  said  deed  of  trust  so  executed  by  Andrew 
Carnegie,  or  by  any  deed  of  gift  or  last  will  and  testament  to  be  hereafter  made 
or  executed. 

Sec.  5.  That  the  said  corporation  may  take  and  hold  any  additional 
donations,  grants,  devises,  or  bequests  which  may  be  made  in  further  support  of 
the  purposes  of  the  said  corporation,  and  may  include  in  the  expenses  thereof 
the  personal  expenses  which  the  trustees  may  incur  in  attending  meetings  or 
otherwise  in  carrying  out  the  business  of  the  trust,  but  the  services  of  the 
trustees  as  such  shall  be  gratuitous. 

Sec.  6.  That  as  soon  as  may  be  possible  after  the  passage  of  this  Act  a 
meeting  of  the  trustees  hereinbefore  named  shall  be  called  by  Daniel  C.  Gilman, 
John  S.  Billings,  Charles  D.  Walcott,  S.  Weir  Mitchell,  John  Hay,  Elihu  Root, 
and  Carroll  D.  Wright,  or  any  four  of  them,  at  the  city  of  Washington,  in 
the  District  of  Columbia,  by  notice  served  in  person  or  by  mail  addressed  to 
each  trustee  at  his  place  of  residence;  and  the  said  trustees,  or  a  majority 
thereof,  being  assembled,  shall  organize  and  proceed  to  adopt  by-laws,  to  elect 
officers  and  appoint  committees,  and  generally  to  organize  the  said  corporation; 
and  said  trustees  herein  named,  on  behalf  of  the  corporation  hereby  incorporated, 
shall  thereupon  receive,  take  over,  and  enter  into  possession,  custody,  and 
management  of  all  property,  real  or  personal,  of  the  corporation  heretofore  known 
as  the  Carnegie  Institution,  incorporated,  as  hereinbefore  set  forth  under  "An  Act 
to  establish  a  Code  of  Law  for  the  District  of  Columbia,  January  fourth,  nineteen 
hundred  and  two,"  and  to  all  its  rights,  contracts,  claims,  and  property  of  any 
kind  or  nature ;  and  the  several  officers  of  such  corporation,  or  any  other  person 
having  charge  of  any  of  the  securities,  funds,  real  or  personal,  books  or  property 
thereof,  shall,  on  demand,  deliver  the  same  to  the  said  trustees  appointed  by  this 
Act  or  to  the  persons  appointed  by  them  to  receive  the  same ;  and  the  trustees 
of  the  existing  corporation  and  the  trustees  herein  named  shall  and  may  take 
such  other  steps  as  shall  be  necessary  to  carry  out  the  purposes  of  this  Act. 

Sec.  7.  That  the  rights  of  the  creditors  of  the  said  existing  corporation 
known  as  the  Carnegie  Institution  shall  not  in  any  manner  be  impaired  by  the 
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passage  of  this  Act,  or  the  transfer  of  the  property  hereinbefore  mentioned,  nor 
shall  any  liability  or  obligation  for  the  payment  of  any  sums  due  or  to  become 
due,  or  any  claim  or  demand,  in  any  manner  or  for  any  cause  existing  against 
the  said  existing  corporation,  be  released  or  impaired ;  but  such  corporation  hereby 
incorporated  is  declared  to  succeed  to  the  obligations  and  liabilities  and  to  be  held 
liable  to  pay  and  discharge  all  of  the  debts,  liabilities,  and  contracts  of  the  said 
corporation  so  existing  to  the  same  effect  as  if  such  new  corporation  had  itself 
incurred  the  obligation  or  liability  to  pay  such  debt  or  damages,  and  no  such  action 
or  proceeding  before  any  court  or  tribunal  shall  be  deemed  to  have  abated  or  been 
discontinued  by  reason  of  the  passage  of  this  Act. 

Sec.  8.  That  Congress  may  from  time  to  time  alter,  repeal,  or  modify  this 
Act  of  incorporation,  but  no  contract  or  individual  right  made  or  acquired  shall 
thereby  be  divested  or  impaired. 

Sec.  9.  That  this  Act  shall  take  effect  immediately. 


Speaker  of  the  House  of  Representatives,  i 


President  of  the  Senate  pro  tempore. 


By-Laws  of  the  Institution 

Adopted  December  13,  1904-  Amended  December  13,  1910,  December  13,  1912, 
December  10,  1937,  December  15,  1939,  December  13,  1940,  December  18,  1942, 
December  12,  1947,  December  10,  1954,  October  24,  1957,  May  8,  1959,  May  13,  1960, 
May  10,  1963,  May  15,  1964,  March  6.  1967,  May  3,  1968,  and  May  14,  1971. 


ARTICLE    I 

The  Trustees 

1.  The  Board  of  Trustees  shall  consist  of  twenty-four  members  with  power  to  increase 
its  membership  to  not  more  than  twenty-seven  members.  The  Trustees  shall  hold  office 
continuously  and  not  for  a  stated  term. 

2.  In  case  any  Trustee  shall  fail  to  attend  three  successive  annual  meetings  of  the 
Board  he  shall  thereupon  cease  to  be  a  Trustee. 

3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

4.  All  vacancies  in  the  Board  of  Trustees  shall  be  filled  by  the  Trustees  by  ballot  at  an 
annual  meeting,  but  no  person  shall  be  declared  elected  unless  he  receives  the  votes  of 
two-thirds  of  the  Trustees  present. 

5.  If,  at  any  time  during  an  emergency  period,  there  be  no  surviving  Trustee  capable 
of  acting,  the  President,  the  Director  of  each  existing  Department,  and  the  Executive 
Officer,  or  such  of  them  as  shall  then  be  surviving  and  capable  of  acting,  shall  constitute 
a  Board  of  Trustees  pro  tern,  with  full  powers  under  the  provisions  of  the  Articles  of 
Incorporation  and  these  By-Laws.  Should  neither  the  President,  nor  any  such  Director, 
nor  the  Executive  Officer  be  capable  of  acting,  the  senior  surviving  Staff  Member  of  each 
existing  Department  shall  be  a  Trustee  pro  tern  with  full  powers  of  a  Trustee  under  the 
Articles  of  Incorporation  and  these  By-Laws.  It  shall  be  incumbent  on  the  Trustees 
pro  tern  to  reconstitute  the  Board  with  permanent  members  within  a  reasonable  time 
after  the  emergency  has  passed,  at  which  time  the  Trustees  pro  tern  shall  cease  to  hold 
office.  A  list  of  Staff  Member  seniority,  as  designated  annually  by  the  President,  shall 
be  kept  in  the  Institution's  records. 


ARTICLE   11 

Officers  of  the  Board 

1.  The  officers  of  the  Board  shall  be  a  Chairman  of  the  Board,  a  Vice-Chairman,  and 
a  Secretary,  who  shall  be  elected  by  the  Trustees,  from  the  members  of  the  Board,  by 
ballot  to  serve  for  a  term  of  three  years.  All  vacancies  shall  be  filled  by  the  Board  for 
the  unexpired  term;  provided,  however,  that  the  Executive  Committee  shall  have  power 
to  fill  a  vacancy  in  the  office  of  Secretary  to  serve  until  the  next  meeting  of  the  Board  of 
Trustees. 

2.  The  Chairman  shall  preside  at  all  meetings  and  shall  have  the  usual  powers  of  a 
presiding  officer. 

3.  The  Vice-Chairman,  in  the  absence  or  disability  of  the  Chairman,  shall  perform  the 
duties  of  the  Chairman. 
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4.  The  Secretary  shall  issue  notices  of  meetings  of  the  Board,  record  its  transactions, 
and  conduct  that  part  of  the  correspondence  relating  to  the  Board  and  to  his  duties. 


ARTICLE   III 

Executive  Administration 
The  President 

1.  There  shall  be  a  President  who  shall  be  elected  by  ballot  by,  and  hold  office  during 
the  pleasure  of,  the  Board,  who  shall  be  the  chief  executive  officer  of  the  Institution. 
The  President,  subject  to  the  control  of  the  Board  and  the  Executive  Committee,  shall 
have  general  charge  of  all  matters  of  administration  and  supervision  of  all  arrangements 
for  research  and  other  work  undertaken  by  the  Institution  or  with  its  funds.  He  shall 
prepare  and  submit  to  the  Board  of  Trustees  and  to  the  Executive  Committee  plans 
and  suggestions  for  the  work  of  the  Institution,  shall  conduct  its  general  correspondence 
and  the  correspondence  with  applicants  for  grants  and  with  the  special  advisers  of  the 
Committee,  and  shall  present  his  recommendations  in  each  case  to  the  Executive  Com- 
mittee for  decision.  All  proposals  and  requests  for  grants  shall  be  referred  to  the  President 
for  consideration  and  report.  He  shall  have  power  to  remove,  appoint,  and,  within  the 
scope  of  funds  made  available  by  the  Trustees,  provide  for  compensation  of  subordinate 
employees  and  to  fix  the  compensation  of  such  employees  within  the  limits  of  a  maximum 
rate  of  compensation  to  be  established  from  time  to  time  by  the  Executive  Committee. 
He  shall  be  ex  officio  a  member  of  the  Executive  Committee. 

2.  He  shall  be  the  legal  custodian  of  the  seal  and  of  all  property  of  the  Institution 
whose  custody  is  not  otherwise  provided  for.  He  shall  sign  and  execute  on  behalf  of 
the  corporation  all  contracts  and  instruments  necessary  in  authorized  administrative  and 
research  matters  and  affix  the  corporate  seal  thereto  when  necessary,  and  may  delegate 
the  performance  of  such  acts  and  other  administrative  duties  in  his  absence  to  the 
Executive  Officer.  He  may  execute  all  other  contracts,  deeds,  and  instruments  on  behalf 
of  the  corporation  and  affix  the  seal  thereto  when  expressly  authorized  by  the  Board  of 
Trustees  or  Executive  Committee.  He  may,  within  the  limits  of  his  own  authorization, 
delegate  to  the  Executive  Officer  authority  to  act  as  custodian  of  and  affix  the  corporate 
seal.  He  shall  be  responsible  for  the  expenditure  and  disbursement  of  all  funds  of  the 
Institution  in  accordance  with  the  directions  of  the  Board  and  of  the  Executive  Com- 
mittee, and  shall  keep  accurate  accounts  of  all  receipts  and  disbursements.  Following 
approval  by  the  Executive  Committee  he  shall  transmit  to  the  Board  of  Trustees  before 
its  annual  meeting  a  written  report  of  the  operations  and  business  of  the  Institution 
for  the  preceding  fiscal  year  with  his  recommendations  for  work  and  appropriations  for 
the  succeeding  fiscal  year. 

3.  He  shall  attend  all  meetings  of  the  Board  of  Trustees. 

4.  There  shall  be  an  officer  designated  Executive  Officer  who  shall  be  appointed  by 
and  hold  office  at  the  pleasure  of  the  President,  subject  to  the  approval  of  the  Executive 
Committee.  His  duties  shall  be  to  assist  and  act  for  the  President  as  the  latter  may  duly 
authorize  and  direct. 

5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he  becomes 
sixty-five  years  of  age. 

ARTICLE    IV 

Meetings  and  Voting 

1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of  Washington, 
in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  fixed  by  the  Executive 
Committee,  or  at  such  other  time  or  such  other  place  as  may  be  designated  by  the 
Executive  Committee,  or  if  not  so  designated  prior  to  May  1   of  such  year,  by  the 
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Chairman  of  the  Board  of  Trustees,  or  if  he  is  absent  or  is  unable  or  refuses  to  act,  by 
any  Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 

2.  Special  meetings  of  the  Board  of  Trustees  may  be  called,  and  the  time  and  place 
of  meeting  designated,  by  the  Chairman,  or  by  the  Executive  Committee,  or  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 
Upon  the  written  request  of  seven  members  of  the  Board,  the  Chairman  shall  call  a 
special  meeting. 

3.  Notices  of  meetings  shall  be  given  ten  days  prior  to  the  date  thereof.  Notice  may 
be  given  to  any  Trustee  personally,  or  by  mail  or  by  telegram  sent  to  the  usual  address 
of  such  Trustee.  Notices  of  adjourned  meetings  need  not  be  given  except  when  the 
adjournment  is  for  ten  days  or  more. 

4.  The  presence  of  a  majority  of  the  Trustees  holding  office  shall  constitute  a  quorum 
for  the  transaction  of  business  at  any  meeting.  An  act  of  the  majority  of  the  Trustees 
present  at  a  meeting  at  which  a  quorum  is  present  shall  be  the  act  of  the  Board  except 
as  otherwise  provided  in  these  By-Laws.  If,  at  a  duly  called  meeting,  less  than  a  quorum 
is  present,  a  majority  of  those  present  may  adjourn  the  meeting  from  time  to  time 
until  a  quorum  is  present.  Trustees  present  at  a  duly  called  or  held  meeting  at  which  a 
quorum  is  present  may  continue  to  do  business  until  adjournment  notwithstanding  the 
withdrawal  of  enough  Trustees  to  leave  less  than  a  quorum. 

5.  The  transactions  of  any  meeting,  however  called  and  noticed,  shall  be  as  valid  as 
though  carried  out  at  a  meeting  duly  held  after  regular  call  and  notice,  if  a  quorum  is 
present  and  if,  either  before  or  after  the  meeting,  each  of  the  Trustees  not  present 
in  person  signs  a  written  waiver  of  notice,  or  consent  to  the  holding  of  such  meeting,  or 
approval  of  the  minutes  thereof.  All  such  waivers,  consents,  or  approvals  shall  be  filed 
with  the  corporate  records  or  made  a  part  of  the  minutes  of  the  meeting. 

6.  Any  action  which,  under  law  or  these  By-Laws,  is  authorized  to  be  taken  at  a 
meeting  of  the  Board  of  Trustees  may  be  taken  without  a  meeting  if  authorized  in  a 
document  or  documents  in  writing  signed  by  all  the  Trustees  then  holding  office  and 
filed  with  the  Secretary. 

7.  During  an  emergency  period  the  term  "Trustees  holding  office"  shall,  for  purposes 
of  this  Article,  mean  the  surviving  members  of  the  Board  who  have  not  been  rendered 
incapable  of  acting  for  any  reason  including  difficulty  of  transportation  to  a  place  of 
meeting  or  of  communication  with  other  surviving  members  of  the  Board. 


article  v 
Committees 

1.  There  shall  be  the  following  Standing  Committees,  viz.  an  Executive  Committee, 
a  Finance  Committee,  an  Auditing  Committee,  a  Nominating  Committee,  and  a  Retire- 
ment Committee. 

2.  All  vacancies  in  the  Standing  Committees  shall  be  filled  by  the  Board  of  Trustees 
at  the  next  annual  meeting  of  the  Board  and  may  be  filled  at  a  special  meeting  of  the 
Board.  A  vacancy  in  the  Executive  Committee  and,  upon  request  of  the  remaining 
members  of  any  other  Standing  Committee,  a  vacancy  in  such  other  Committee  may  be 
filled  by  the  Executive  Committee  by  temporary  appointment  to  serve  until  the  next 
meeting  of  the  Board. 

3.  The  terms  of  all  officers  and  of  all  members  of  Committees,  as  provided  for  herein, 
shall  continue  until  their  successors  are  elected  or  appointed. 

Executive  Committee 

4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and 
Secretary  of  the  Board  of  Trustees,  the  President  of  the  Institution  ex  officio,  and,  in 
addition,  not  less  than  five  or  more  than  eight  Trustees  to  be  elected  by  the  Board  by 
ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election.   Any  member  elected 
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to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  presence  of 
four  members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business 
at  any  meeting. 

5.  The  Executive  Committee  shall,  when  the  Board  is  not  in  session  and  has  not  given 
specific  directions,  have  general  control  of  the  administration  of  the  affairs  of  the 
corporation  and  general  supervision  of  all  arrangements  for  administration,  research, 
and  other  matters  undertaken  or  promoted  by  the  Institution.  It  shall  also  submit  to  the 
Board  of  Trustees  a  printed  or  typewritten  report  of  each  of  its  meetings,  and  at  the 
annual  meeting  shall  submit  to  the  Board  a  report  for  publication. 

6.  The  Executive  Committee  shall  have  power  to  authorize  the  purchase,  sale,  exchange, 
or  transfer  of  real  estate. 

Finance  Committee 

7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who 
shall  be  eligible  for  re-election.  The  presence  of  three  members  of  the  Committee  shall 
constitute  a  quorum  for  the  transaction  of  business  at  any  meeting. 

8.  The  Finance  Committee  shall  have  custody  of  the  securities  of  the  corporation 
and  general  charge  of  its  investments  and  invested  funds,  including  its  investments  and 
invested  funds  as  trustee  of  any  retirement  plan  for  the  Institution's  staff  members  and 
employees,  and  shall  care  for  and  dispose  of  the  same  subject  to  the  directions  of  the 
Board  of  Trustees.  It  shall  have  power  to  authorize  the  purchase,  sale,  exchange,  or 
transfer  of  securities  and  to  delegate  this  power.  It  shall  consider  and  recommend  to  the 
Board  from  time  to  time  such  measures  as  in  its  opinion  will  promote  the  financial  interests 
of  the  Institution  and  of  the  trust  fund  under  any  retirement  plan  for  the  Institution's 
staff  members  and  employees,  and  shall  make  a  report  at  each  meeting  of  the  Board. 

Auditing  Committee 

9.  The  Auditing  Committee  shall  consist  of  three  members  to  be  elected  by  the  Board 
of  Trustees  by  ballot  for  a  term  of  three  years. 

10.  Before  each  annual  meeting  of  the  Board  of  Trustees,  the  Auditing  Committee 
shall  cause  the  accounts  of  the  Institution  for  the  preceding  fiscal  year  to  be  audited 
by  public  accountants.  The  accountants  shall  report  to  the  Committee,  and  the  Com- 
mittee shall  present  said  report  at  the  ensuing  annual  meeting  of  the  Board  with  such 
recommendations  as  the  Committee  may  deem  appropriate. 

Nominating  Committee 

11.  The  Nominating  Committee  shall  consist  of  the  Chairman  of  the  Board  of 
Trustees  ex  officio  and,  in  addition,  three  Trustees  to  be  elected  by  the  Board  by  ballot 
for  a  term  of  three  years,  who  shall  not  be  eligible  for  re-election  until  after  the  lapse 
of  one  year.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder  of  his 
predecessor's  term,  provided  that  of  the  Nominating  Committee  first  elected  after 
adoption  of  this  By-Law  one  member  shall  serve  for  one  year,  one  member  shall  serve 
for  two  years,  and  one  member  shall  serve  for  three  years,  the  Committee  to  determine 
the  respective  terms  by  lot. 

12.  Sixty  days  prior  to  an  annual  meeting  of  the  Board  the  Nominating  Committee 
shall  notify  the  Trustees  by  mail  of  the  vacancies  to  be  filled  in  membership  of  the  Board. 
Each  Trustee  may  submit  nominations  for  such  vacancies.  Nominations  so  submitted 
shall  be  considered  by  the  Nominating  Committee,  and  ten  days  prior  to  the  annual 
meeting  the  Nominating  Committee  shall  submit  to  members  of  the  Board  by  mail  a  list 
of  the  persons  so  nominated,  with  its  recommendations  for  filling  existing  vacancies  on 
the  Board  and  its  Standing  Committees.  No  other  nominations  shall  be  received  by  the 
Board  at  the  annual  meeting  except  with  the  unanimous  consent  of  the  Trustees  present. 
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Retirement  Committee 

13.  The  Retirement  Committee  shall  consist  of  three  members  to  be  elected  by  the 
Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election 
and  the  Chairman  of  the  Finance  Committee  ex  officio.  Any  member  elected  to  fill  a 
vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term. 

14.  The  Retirement  Committee  shall,  subject  to  the  directions  of  the  Board  of  Trustees, 
be  responsible  for  the  maintenance  of  a  retirement  plan  for  staff  members  and 
employees  of  the  Institution  and  act  for  the  Institution  in  its  capacity  as  trustee 
under  any  such  plan,  except  that  any  matter  relating  to  investments  under  any  such 
plan  shall  be  the  responsibility  of  the  Finance  Committee  subject  to  the  directions 
of  the  Board  of  Trustees.  The  Committee  shall  submit  a  report  to  the  Board  at  the 
annual  meeting  of  the  Board. 

ARTICLE   VI 

Financial  Administration 

1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a  previous 
appropriation  by  the  Board  of  Trustees,  or  as  provided  in  Article  V,  paragraph  8,  hereof. 

2.  The  fiscal  year  of  the  Institution  shall  commence  on  the  first  day  of  July  in  each 
year. 

3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a  full 
statement  of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year  and  a 
detailed  estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general 
appropriations  for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent 
the  Board  of  Trustees  from  making  special  appropriations  at  any  meeting. 

5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all  appropria- 
tions made  by  the  Board.  Following  the  annual  meeting,  the  Executive  Committee  may 
allocate  these  appropriations  for  the  succeeding  fiscal  year.  The  Committee  shall  have  full 
authority  to  reallocate  available  funds,  as  needed,  and  to  transfer  balances. 

6.  The  securities  of  the  Institution  and  evidences  of  property,  and  funds  invested  and 
to  be  invested,  shall  be  deposited  in  such  safe  depository  or  in  the  custody  of  such  trust 
company  and  under  such  safeguards  as  the  Finance  Committee  shall  designate,  subject 
to  directions  of  the  Board  of  Trustees.  Income  of  the  Institution  available  for  expenditure 
shall  be  deposited  in  such  banks  or  depositories  as  may  from  time  to  time  be  designated 
by  the  Executive  Committee. 

7.  Any  trust  company  entrusted  with  the  custody  of  securities  by  the  Finance  Com- 
mittee may,  by  resolution  of  the  Board  of  Trustees,  be  made  Fiscal  Agent  of  the 
Institution,  upon  an  agreed  compensation,  for  the  transaction  of  the  business  coming 
within  the  authority  of  the  Finance  Committee. 

8.  The  property  of  the  Institution  is  irrevocably  dedicated  to  charitable  purposes, 
and  in  the  event  of  dissolution  its  property  shall  be  used  for  and  distributed  to  those 
charitable  purposes  as  are  specified  by  the  Congress  of  the  United  States  in  the  Articles  of 
Incorporation,  Public  Law  No.  260,  approved  April  28,  1904,  as  the  same  may  be 
amended  from  time  to  time. 

ARTICLE   VII 

Amendment  of  By-Laws 

1.  These  By-Laws  may  be  amended  at  any  annual  or  special  meeting  of  the  Board  of 
Trustees  by  a  two-thirds  vote  of  the  members  present,  provided  written  notice  of  the 
proposed  amendment  shall  have  been  served  personally  upon,  or  mailed  to  the  usual 
address  of,  each  member  of  the  Board  twenty  days  prior  to  the  meeting. 
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